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(5)  INTRODUCTION 


Embryonic  CNS  transplants  provide  a  powerful  experimental  approach  to 
understanding  the  features  of  the  neural  environment  that  interact  with  damaged 
neurons  to  support  or  enhance  regeneration.  Neurons  thought  to  be  incapable  of 
growth  (1)  can  not  only  regenerate  if  supplied  with  a  transplant  of  fetal  CNS  but 
also  form  connections  that  are  functional  by  electrophysioiogical  and  behavioral 
criteria  (reviewed  in  3;21).  Although  the  mechanisms  by  which  transplants 
restore  function  remain  to  be  clarmed.  they  provide  both  an  experimental 
approach  to  understanding  repair  mechanisms  and  a  potential  therapeutic 
strategy  (8). 

Intraspinal  transplants  of  brain  (5;6:18)  and  spinal  cord  (2:16:20;23)  grow  and 
integrate  with  the  host.  The  extent  to  which  these  transplants  support 
regeneration  of  adult  host  intraspinal  axons,  however,  is  uncertain.  It  is  also 
unclear  whether  axons  that  regenerate  Into  intraspinal  transplants  retain  the 
ability  to  synthesize  normal  proteins.  The  central  processes  of  dorsal  root 
ganglion  (DRG)  neurons  provide  an  attractive  model  system  in  which  to  study 
these  questions.  First,  it  is  well  known  that  the  cut  central  processes  of  adult 
DRG  neurons  regenerate  along  the  dorsal  root,  but  fail  to  traverse  the  dorsal  root 
entry  zone  and  re-enter  the  spinal  cord  (4;  19).  Second,  horseradish  peroxidase 
(HRP)  transport  methods  can  be  used  to  identify  dorsal  root  axons  unambiguously 
within  spinal  cord  or  transplants.  Third,  DRG  axons  can  be  classified  into 
subsets  based  on  the  presence  of  neuropeptides  such  as  calcitonin  gene-related 
peptide  (CGRP)  (7),  and  immunocytochemlcal  methods  can  be  used  to  Identify 
these  axons  and  therefore  to  determine  whether  the  peptides  are  present  in 
transplants.  Because  of  these  advantages,  we  proposed  to  use  the  adult  DRG- 
fetal  transplant  model  to  study  several  features  of  axon  growth  into  transplants 
(Specific  Aim  3).  We  first  used  HRP  transport  methods  and  CGRP 
immunocytochemistry  to  show  that  cut  dorsal  root  axons  regenerate  into 
transplants  of  embryonic  spinal  cord  and  that  some  of  these  axons  contain  CGRP 

To  determine  the  functional  potential  of  these  regenerated  dorsal  root  axons,  it 
is  important  to  establish  whether  or  not  they  make  synaptic  contacts  with 
neurons  within  the  transplants.  We  therefore  used  HRP  tracing  methods  and 
immunoc5d;ochemical  techniques  to  show  that  regenerated  dorsal  roots  form 
synapses  within  transplants  of  embryonic  spinal  cord  and  that  these  synapses 
resemble  those  formea  in  the  dorsal  horn  of  normal  spinal  cord  (14).  We  have  also 
shown  that  these  synapses  are  functional  (14a).  Since  the  environment  within 
which  regenerated  axons  form  synapses  may  also  contribute  to  their  functional 
potential,  we  used  stereological  metnods  to  examine  in  detail  the  composition  of 
transplanted  spinal  cord  £ind  compared  it  to  the  structures  found  in  normal  dorsal 
horn  (14).  We  nave  also  studied  the  development  of  these  transplants  and  the 
growth  and  maturation  of  the  regeneratiing  dorsal  root  axons  (15a). 

It  is  unknown  whether  the  properties  of  the  transplants  that  allow 
regenerating  axons  to  grow  and  establish  s3nnapses  are  specific  to  the  normal 
target  of  the  cut  axons,  or  if  they  are  common  to  embryonic  CNS  tissue  generally. 
The  early  outgrowth  of  developing  axons  is  thought  to  depend  on  signals  that  are 
expressed  generally  throughout  die  embryonic  CNS,  whereas  growth  within  a 
target  and  synapse  formation  appear  to  rely  on  more  specific  cues  (reviewed  in 
17).  The  requirements  of  regenerating  axons  both  for  early  outgrowth  (22  ;9)  and 
for  synapse  formation  (24)  may  differ  from  those  of  developing  axons  but  have 
received  relatively  little  attention.  We  therefore  used  quantitative  morphological 
methods  to  investigate  whether  or  not  regenerating  adult  dorsal  root  axons  can 
grow  into  and  establish  S5niapses  in  transplants  of  embtyonic  brain  regions  that 
are  not  their  normal  targets  and  whether  the  patterns  of  growth  and  synapse 
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formation  differ  in  transplants  of  spinal  cord  and  brain.  In  this  way  we 
distinguish  characteristics  of  growth  that  are  target-specific  from  those  that  are 
shared  by  non-target  embryonic  CNS  tissue  (15).  We  also  showed  a  difference  in 
the  ability  of  CGRP-containing  dorsal  roots  to  regenerate  into  transplants  of 
ventral  or  dorsal  half  of  spinal  cord  (15b). 

If  the  therapeutic  potential  of  transplants  is  to  be  realized,  it  is  Important  to 
understand  the  factors  that  contribute  to  the  survival  of  transplanted  neurons. 
DRG  transplants  provide  advantages  for  understanding  this  problem,  and  Specific 
Aims  1  and  2  proposed  to  use  DRG  transplants  to  stu<fy  factors  that  contribute  to 
the  survival  of  transplanted  neurons  and  axon  growth.  We  have  carried  out 
several  studies  that  are  related  to  these  Aims.  First,  we  compared  the  effect  on 
survival  of  cutting  the  central  or  peripheral  processes  of  newborn  DRG  neurons 
and  also  compared  DRG  neuron  survival  after  cutting  the  sciatic  nerve  in  adult  or 
newborn  rats  (13).  Second,  we  used  immunoc3dochemlcal  and  histochemical 
methods  to  determine  whether  or  not  speclficjpopulations  of  DRG  neurons  are 
particularly  likely  to  die  after  axotomy  (12).  Third,  we  used  immunocytochemistry 
and  in  situ  histochemistry  to  examine  in  detail  the  metabolic  response  to  axotomy 
of  tachykinin-containing  DRG  neurons  (10:1 1).  We  have  also  studied  the  factors 
required  for  survival  of  axotomized  neurons  in  Clarke’s  nucleus  (11a). 

(6)  BODY 

a.  Methods 

1 .  Surgical  Methods.  Female  Sprague-Dawley  rats  (200-300g)  are  deeply 
anesthetized  and  undergo  a  laminectomy  to  expose  the  fourth  lumbar  (L4) 
segment.  The  adjacent  dorsal  roots  are  cut  near  the  dorsal  root  entry  zone  and 
reflected  caudally.  A  hemisection  cavity  3-4mm  in  length  is  aspirated  from  the 
lumbar  enlargement,  the  appropriate  transplant  is  introduced  into  the  cavity,  and 
the  L4  or  L5  dorsal  root  stump  l^uxtaposed  to  the  transplant.  The  surgical 
wound  is  then  closed  in  layers.  The  surgical  techniques  have  been  described  in 
detail  in  publications  from  this  laboratory,  as  have  the  techniques  for  neural  graft 
preparation  (14;23,  included  in  Appendix).  For  sciatic  nerve  section,  the  right 
sciatic  nerve  of  deeply  anesthetizea  adult  or  newborn  rats  is  sectioned  in  the  mid¬ 
thigh  (see  13). 

2.  Labeling  Methods. 

i.  Dorsal  root  labeling.  Dorsal  roots  entering  the  transplants  are  labeled 
with  10%  HRP  and  1%  WGA-HRP  (wheat-germ  agglutinin-conjugated  HRP)  as 
described  (14,23;  see  Appendix). 

ii.  Sciatic  nerve  labeling.  The  sciatic  nerve  ipsilateral  to  the  transplant  is 
labeled  with  an  intraneural  injection  of  0.75%  cholera  toxin-conjugated  HRP  or  2% 
WGA-HRP  (14). 

iii.  CGRP  and  tachykinin  immunocytochemistry.  Sections  are  prepared  for 
LM  and  EM  examination  with  the  PAP  technique  (14). 

iv.  In  situ  hybridization.  These  methods  are  described  in  publications  from 
this  laboratoiy  (9:10). 

3.  Stereofogical  and  morphometric  analyses.  These  methods  are  detailed  (14). 

b.  Results 

Projects  6-9  are  related  to  Specific  Aims  1  and  2  of  the  Contract  and  Projects  1-5 
to  Specific  Aim  3. 
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1.  Adult  dorsal  root  axons  regenerate  into  transplants  of  embryonic  spinal 
cord.  (Tessler,  A.,  B.T.  Himes,  J.  Houle,  and  P.J.  Reier.  1988.  Regeneration  of  adult 
dorsal  root  axons  into  transplants  of  embryonic  spinal  cord.  J.  Comp.  Neurol 
270:537  548.)  Anatomical  tracing  methods  that  use  transport  or  diffusion  of  HRP 
demonstrate  that  severed  host  dorsal  roots  grow  into  transplants  of  embryonic  day 
14  (El 4)  spinal  cord.  Most  of  these  regenerated  axons  remain  within  2mm  of  the 
interface  with  the  host  dorsal  root,  but  some  axons  penetrate  as  far  as  3mm. 

Many  more  regenerated  axons  are  demonstrated  witn  immunocytochemical 
methods  that  visualize  CGRP.  The  results  of  this  study  therefore  show  that 
transplants  of  embryonic  spinal  cord  support  or  enhance  the  regeneration  of  cut 
adult  host  DRG  axons  and  that  many  of  those  that  regenerate  continue  to 
synthesize  peptides  that  they  make  normally. 

2.  Regenerated  DRG  axons  form  synapses  in  transplants  of  embryonic  spinal 
cord.  (Itoh  Y.  and  A.  Tessler.  1 990.  IMrastructwal  organization  of  regenerated 
adult  dorsal  root  axons  within  transplants  of  fetal  spinal  cord.  J.  Comp.  Neurol 
292:396-411.) 

Labeling  methods  that  use  diffusion  of  WGA-HRP  and  CGRP 
immunocytochemistiy  show  that  regenerated  DRG  axons  establish  synaptic 
contacts  with  neurons  In  embryonic  spinal  cord  transplants.  As  in  normal  dorsal 
horn,  the  majority  of  the  CGRP-labeled  axon  terminals  are  axodendritic,  but  a 
large  number  are  also  axosomatic  and  axoaxonic.  Regenerated  dorsal  root  axon 
terminals  in  transplants  are  significantly  larger  than  those  found  in  normal  dorsal 
horn,  and  their  synaptic  contact  length  is  also  increased,  suggesting  that  a 
compensatory  mechanism  for  increasing  S3maptlc  efficacy  might  occur  within 
transplants.  The  results  of  this  study  show  that  regenerated  dorsal  root  axons 
form  synapses  within  transplants  and  that  these  synapses  retain  characteristics 
of  those  found  in  normal  spinal  cord.  These  results  therefore  encourage  the 
expectation  that  transplants  may  one  day  be  used  to  restore  neural  circuits 
damaged  by  trauma  or  disease. 

3.  Cut  DRG  axons  regenerate  into  transplants  of  brain  and  form  synapses 
there.  (ItoK  Y.  and  A.  Tessler.  1990.  Regeneration  of  adult  dorsal  root  axons  into 
transplants  of  spinal  cord  and  brairu  A  comparison  of  growth  and  synapse 
formation  in  appropriate  and  inappropriate  targets.  J.Comp.Neurol  302:272-293. 
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We  used  Immunocytochemical  methods  for  labeling  CGRP  to  examine  whether 
cut  dorsal  root  axons  regenerate  into  and  establish  transplants  in  embryonic 
brain  transplants  and  to  compare  the  patterns  of  growth  in  brain  and  spinal  cord 
transplants.  Transplants  of  embryonic  hippocampus,  cerebellum,  and  neocortex 
and  embryonic  spinal  cord  were  studied.  CGRP-immunoreactive  axons  regenerate 
into  all  of  the  brain  regions  and  form  synapses  in  the  neocortex  and  cerebellum 
transplants  in  which  they  were  sought.  S^apses  are  far  rarer  than  we  have 
observed  in  solid  spinal  cord  transplants,  and  the  patterns  of  Ingrowth  differ  in 
transplants  of  brain  and  spinal  cord.  Both  the  area  fraction  and  area  density 
occupied  by  regenerated  axons  in  spinal  cord  transplants  are  significantly  larger 
than  in  neocortex  or  cerebellum  transplants.  In  addition,  the  distribution  of 
regenerated  axons  within  spinal  cord  transplants  is  heterogeneous,  since  areas  of 
either  dense  or  sparse  ingrowth  are  observed,  whereas  the  distribution  in 
transplants  of  brain  is  homogeneous  but  sparse.  Several  measurements  of  the 
extent  of  axon  distribution,  however,  including  area,  longest  axis,  and  length  of 
lateral  extension,  indicate  that  CGRP-labeled  axons  spread  more  widely  in 
neocortex  transplants  than  in  solid  transplants  of  spinal  cord  or  cerebellum. 

These  results  indicate  that  embryonic  CNS  tissues  that  are  not  normal  targets 
support  or  enhance  the  growth  of  severed  dorsal  roots  and  suggest  that  the 
conditions  that  constitute  a  permissive  environment  for  regenerating  axons  are 
relatively  non-specific.  Embryonic  spinal  cord,  the  normal  target  of  dorsal  roots, 
appears  to  supply  additional  more  specific  cues  that  enable  regenerating  axons  to 
grow  and  arborize  within  the  transplant  and  to  establish  relatively  normal 
numbers  of  S3mapses,  These  cues  appear  to  depend  at  least  in  part  on  the 
integrity  of  transplant  structure,  since  growth  into  solid  transplants  of  spinal  cord 
exceeds  growth  into  cell  suspensions. 

We  have  also  found  that  dorsal  roots  regenerate  into  transplants  of  either 
ventral  or  dorsal  spinal  cord  but  that  growth  into  dorsal  spinal  cord  transplants  is 
more  robust.  Since  dorsal  spinal  cord  is  the  normal  target  of  most  dorsal  root 
axons,  these  results  are  consistent  with  the  idea  that  regenerating  axons  remain 
sensitive  to  specific  cues  provided  by  their  normal  targets.  (ItoK  Y.,  Kowada,  M., 
and  Tessler,  A.  (1993)  Regeneration  oj  adult  dorsal  root  axons  into  transplants  of 
dorsal  or  ventral  half  of  spinal  cord.  Adv.  Stereotactic  Functional  Neurosurg.  In 
Press.) 


4.  Time  course  of  dorsal  root  axon  regeneration  into  transplants  of  fetal  spinal 
cord.  (Itoh  y.,  Sugawara  T.,  Kowada  M„  and  Tessler,  A.  (1992)  Time  course  of 
dorsal  root  axon  regeneration  into  transplants  of  fetal  spinal  cord:  I.  A  light 
microscopic  study.  J. Comp. Neurol.  323:198-208;  Itoh,  Y.,  Sugawara,  T.,  Kowada 
M.,  and  Tessler,  A.  (1993)  Time  course  of  dorsal  root  regeneration  into  transplants  of 
fetal  spinal  cord:  an  electron  microscopic  study.  Submitted  for  publication). 
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The  aims  of  this  study  were  to  describe  the  progression  of  dorsal  root  axon 
growth  within  transplants  and  to  determine  whether  the  regenerated  axons 
persisted  within  the  transplants  or  eventually  withdrew.  CGRP-immunoreactive 
dorsal  root  axons  began  to  regenerate  into  transplants  within  24  hours,  formed 
dense  bundles  by  4  weeks,  and  were  still  present  at  60  weeks,  the  longest  surxival 
period  examined.  Quantitative  analysis  snowed  that  the  area  of  the  transplants 
occupied  by  CGRP-labeled  axons  and  the  distribution  area  of  the  labeled  axons 
within  the  transplants  increased  until  12  weeks  and  persisted  unchanged  for  over 
48  weeks.  Electron  microscopy  showed  that  the  regenerated  axons  made 
synapses  with  dendrites  and  perikarya  of  transplant  neurons  by  1  week  after 
axotomy  and  axoaxonic  s3mapses  by  4  weeks.  The  synaptic  density  of  regenerated 
CGRP-labeled  terminals  increased  for  24  weeks  and  then  remained  unchanged. 
These  results  indicate  that  regenerated  dorsal  root  axons  and  their  synaptic 
terminals  are  permanently  maintained  within  transplants  of  fetal  spinal  cord  and 
suggest  that  tne  transplants  can  contribute  to  the  permanent  restoration  of 
damaged  intraspinal  neural  circuits. 

5.  Regenerated  dorsal  root  axons  establish  functional  connections  with 
neurons  in  fetal  spinal  cord  transplants,  fftoh.  Y.,  Tessler,  A.,  Kowada.  M..  and 
Pinter,  M.  Electrophysiological  responses  in  fetal  spinal  cord  transplants  evoked  by 
regenerated  dorsal  root  axons  Adv.Stereotacd.FunctNeitrosurg.  (In  Press). 

Electrophysiological  methods  demonstrated  the  presence  in  transplants  of 
synaptlcally-driven  neuronal  activity  in  response  to  electrical  stimulation  of 
regenerated  roots.  In  some  cases  we  observed  monosynaptic  EPSPs  in  transplant 
neurons  following  root  stimulation  using  intracellular  recording.  Together  with 
our  observation  mat  transplant  neurons  send  axons  into  host  sciatic  nerve,  these 
results  suggest  that  transplants  can  act  as  relay  stations  that  can  contribute  to  at 
least  partiM  restoration  of  injured  circuits. 

6.  Transplant-mediated  rescue  of  Clarke's  nucleus  (CNl  neurons.  (Himes, 

B.T.  Goldberner,  M.E„  and  Tessler,  A.  (1993)  Grafts  of  fetal  CNS  tissue  rescue 
axotomized  Clarke’s  nucleus  neurons  in  adult  and  neonatal  operates  (submitted  for 
publication). 

We  have  used  the  neurons  of  CN  to  study  issues  related  to  survival  after 
injury.  Injury  at  the  T8  segment  In  newborn  rats  causes  40%  of  the  ipsilateral  CN 
neurons  at  LI  to  die.  and  me  same  lesion  in  adults  kills  30%  of  the  neurons. 
Transplants  of  El 4  spinal  cord,  cerebellum,  and  neocortex  enable  almost  all  of  the 
axotomized  neurons  to  survive  for  at  least  2-3  months  in  both  adult  and  newborn 
animals.  Because  all  3  of  these  tissues  contain  high  levels  of  Neurotrophin-3 
mRNA  (NT- 3).  NT-3  may  be  the  factor  responsible  for  the  rescue.  The  results  of 
our  recent  transplant  studies  support  this  idea:  axotomized  CN  neurons  are 
salvaged  by  kidney,  which  synthesizes  large  quantities  of  NT-3  mRNA 
(Maisonpierre  et  ad..  '90;Emfors  et  al..  *90)  but  not  by  embryonic  striatum,  which 
expresses  very  little  if  any  (Maisonpierre  et  al,,  ’90). 

7.  DRG  neurons  die  after  sciatic  nerve  section.  (Himes,  B.T.  and  A.  Tessler 
(1989)  Death,  of  some  dorsal  root  ganglion  neurons  and  plasticity  of  others  following 
sciatic  nerve  section  in  adult  and  neonatal  rats.  J.  Comp.  NeuroL  284:215-230. 

We  used  immunohistochemical  and  histochemlcal  methods  along  with  cell 
counting  techniques  to  demonstrate  that  DRG  neurons  die  after  sectioning  their 
peripheral  processes  and  to  show  that  several  subsets  of  DRG  neurons  are  equally 
likely  to  die  after  this  injury.  DRG  neurons  do  not  die  after  section  of  their  central 
process,  suggesting  that  death  is  the  result  of  causes  other  than  axotomy  alone. 
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8.  Changes  tn  tachykinin  synthesis  after  axotomv.  (HenkerL  D.B.,  A.  Tessler. 
et  al  (1988)  In  situ  hybridization  of  mRNAfor  beta-preprotachykinin  and 
presomatostatin  in  adult  rat  dorsal  root  ganglia:  comparison  with 
uTimuriocytochemical  locolizatiorL  J.  Neurocytoi  17:671-681:  Henken,  D.B.,  Battistt 
W..  Chesselet,  M-F.,  Murray,  M..  and  A.  Tessler  (1990)  El)^ression  ofbeta- 
preprotachykinins  in  rat  dorsal  root  ganglion  cells  foUowi^  peripheral  or  central 
axotomy.  NeuroscL29:733-742. 

We  used  in  situ  hybridization  and  inimunoc3rtochemical  methods  to  show  that 
peripheral  axotomy  but  not  central  axotomy  causes  reduced  synthesis  of  the 
mRNAs  that  encode  tachykinins  and  the  tachyklnins  themselves.  Changes  in 
S3nnthesis  therefore  are  due  to  mechanisms  other  than  a  nonspecific  response  to 
injury,  such  as  reduced  levels  of  Nerve  Growth  Factor  (NGF)  which  is  derived  from 
the  peripheral  but  not  the  central  target  of  DRG  neurons, 

9.  Changes  in  levels  of  substance  P  fSP)  and  CGRP  tn  DRG  and  dorsal  horn 
after  neonatal  sciatic  nerve  lesion.  (One  abstract  has  been  published  with 
F.Nothias  and  M.Murray.  one  in  press  in  Restor.NeuroLNeuroscL  A  manuscript  is  in 
preparation). 

We  had  previously  found  that  sciatic  nerve  section  in  newborn  rats  killed  50% 
of  L5  DRG  neurons,  but  that  the  survivors  could  restore  dorsal  horn  SP  levels  to 
normal  (Himes  and  Tessler.  ’89).  Here  we  used  immunoc)d:ochemistry.  in  situ 
hybridization  histochemistry,  and  radioimmunoassay  to  determine  the  mechanism 
responsible.  We  excluded  both  selective  survival  of  peptidergic  neurons  and 
increased  constitutive  levels  of  expression  of  peptide  genes  as  mechanisms 
accounting  for  the  recovery  of  dorsal  horn  SP  and  CGRP  after  neonatal  sciatic 
nerve  section.  Experiments  using  additional  lesions  suggested  that  the  recovery  is 
due  at  least  in  part  to  sprouting  from  surviving  lA  and  L5  DRG  neurons  and 
neurons  in  DRG  rostral  and  caudal  to  L4  and  L5.  Modifications  in  metabolism 
that  Increase  peptide  half-lives  in  surviving  L4  and  L5  DRG  neurons  may  also 
contribute. 


A  complete  list  of  the  publications  supported  by  the  Contract  is  as  follows: 

Articles 

Reier,  P.,  J.D.  Houle,  L.  Jakeman,  D.  Winialski  and  A.  Tessler.  1988. 
Transplantation  of  fetal  spinal  cord  tissue  into  acute  and  chronic  hemisection  and 
contusion  lesions  of  the  adult  rat  spinal  cord.  Prog.  Br.  Res.  78:173-179. 

Tessler.  A..  B.T.  Himes,  C,  Rogahn,  J.  Houle  and  P.J.  Reier.  1988.  Enhancement 
of  adult  dorsal  root  regeneration  by  embryonic  spinal  cord  transplants.  Prog.  Br. 
Res.  78:213-218. 

Tessler.  A..  B.T.  Himes.  J.  Houle  and  P.J.  Reier.  1988.  Regeneration  of  adult 
dorsal  root  axons  into  transplants  of  embryonic  spinal  cord.  J.  Comp.  Neurol. 
270:537-548. 


Reier,  P.J.,  J.D.  Houle,  A.  Tessler  and  L.  Jakeman.  1988.  Astrogliosis  and 
regeneration:  New  perspectives  to  an  old  hypothesis.  In:  The  Biochemical 
Pathology  of  Astroc^es.  Alan  R.  Liss,  Inc.,  pp.  107-122. 
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Henken.  D.B.,  A.  Tessler.  M.-F.  Chesselet.  A.  Hudson,  F.  Baldino,  Jr.  and  M. 
Murray  1988.  Iq  situ  hybridization  of  mJRNA  for  b-preprotachyklnln  and 
preprosomatostatin  in  adult  rat  dorsal  root  gan^a:  comparison  with 
immunocytochemical  localization.  J.  Neurocytol.  17:671-681. 


Jakeman,  L.B..  P.J.  Reier.  B.S.  Bregman.  E.B.  Wade,  M.  Dailey,  R.J.  Kastner,  B.T. 
Himes  and  A.  Tessler.  1989.  Differentiation  of  substantia  gelatlnosa-like  regions 
in  intraspinal  and  intracerebral  transplants  of  embryonic  spinal  cord  tissue  in  the 
rat.  Exp.  Neurol.  103:17-33. 

Himes.  B.T.  and  A.  Tessler.  1989.  Death  of  some  dorsal  root  ganglion  neurons 
and  plasticity  of  others  following  sciatic  nerve  section  in  adult  and  neonatal  rats. 
J.  Comp.  Neurol.  224:215-230. 

Itoh,  Y.  and  A,  Tessler.  1990.  Ultrastructural  organization  of  adult  dorsal  root 
ganglion  axons  regenerated  into  transplants  of  fetal  spinal  cord.  J.  Comp.  Neurol. 
292:396-411. 

Henken,  D.,  A.  Tessler.  M.-F.  Chesselet  and  M.  Murray.  1990.  Expression  of  b- 
preprotachykinin  mRNA  and  tachykinlns  in  rat  dorsal  root  ganglion  cells  following 
peripheral  or  central  axotomy.  Neuroscience  39:733-742. 

itoh,  Y.  and  A.  Tessler.  1990.  Regeneration  of  adult  dorsal  root  axons  into 
transplants  of  fetal  spinal  cord  and  brain:  A  comparison  of  growth  and  synapse 
formation  in  appropriate  and  inappropriate  targets.  J.  Comp.  Neurol.302:272- 
293. 

Tessler.  A.  1991.  Intraspinal  transplants.  Ann.Neurol.29: 115- 123. 

Croul.  S.  and  A.  Tessler.  1991.  Transplantation.  Curr. Opinion 
Neurol.Neurosurg.  4:885-890. 

Itoh,  Y,  and  A.  Tessler.  1992.  Time  course  of  dorsal  root  axon  regeneration  into 
transplants  of  fetal  spinal  cord:  I.  A  light  microscopic  study.  J. Comp. Neurol. 
323:198-208. 

Tessler.  A.  1992.  Does  neural  transplantation  aid  the  recovery  of  CNS  function? 
la:  Controversies  and  Challenges  in  Neurology.  Ed.  V.  Hachinskl,  F.A.  Davis  Co. 
pp.  183-194. 

Goldberger.  M.E.,  Murray,  M.,  and  A.  Tessler.  1993.  Sprouting  and  regeneration 
in  the  spinal  cord:  their  roles  in  recovery  of  function  after  spinm  injury. 
Neuroregeneration  (A.  Gorio,  ed.).  Raven  Press,  New  York.  pp.  241-264. 

Itoh,  Y..  and  A.  Tessler.  1993.  Time  course  of  dorsal  root  axon  regeneration  into 
transplants  of  fetal  spinal  cord:  An  electron  microscopic  study.  Submitted. 

Nothias,  F.,  A.  Tessler.  and  M.  Murray.  1993.  Restoration  of  substance  P  and 
calcitonin  gene-related  peptide  in  dorsal  root  ganglia  and  dorsal  horn  after 
neonatal  sciatic  nerve  lesion.  Submitted. 

Goldberger,  M.E.,  M.  Murray,  and  A.  Tessler.  1993.  Grafts  and  functional 
recuperation.  Restor.Neurol.Neurosci.  In  Press. 
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Itoh,  Y..  A.  Tessler.  M.  Kowada,  and  M.  Pinter.  1993.  Electrophysiological 
responses  in  fetal  spinal  cord  transplants  evoked  by  regenerated  dors^  root 
axons.  Adv.Stereotactlc  Functional  Neurosurg.  (In  Press). 

Itoh,  Y..  M.  Kowada.  and  A.  Tessler.  1993.  Regeneration  of  adult  dorsal  root 
axons  into  transplants  of  dorsal  or  ventral  half  of  fetal  spinal  cord. 
Adv.Stereotactlc  Functional  Neurosurg.  (In  Press). 


Abstracts 

Himes,  B.T.  and  A.  Tessler.  1987.  Adult  dorsal  root  ganglion  axons  that  contain 
calcitonin  gene  related  peptide  (CGRP)  regenerate  into  transplants  of  embryonic 
spinal  cord.  Soc.  Neuroscl.  Abst.  13:748. 

Henken,  D.B..  Tessler.  A.,  Chesselet.  M.-G..  Hudson,  A..  Baldlno,  F.  Jr.  and  M. 
Murray.  1987.  Iji  situ  hybridization  of  mRNA  for  preprotachykinin  (PPT)  and 
somatostatin  (SOM)  in  adult  rat  dorsal  root  ganglia  (DRG).  Soc.  Neurosci.  Abst. 
12:925. 

Henken,  D.B..  Tessler.  A..  Chesselet,  M-F.,  and  M.  Murray.  1988.  Levels  of  beta- 
preprotachykinln  (beta-PPT)  mRNA  and  tachykinins  change  differentially  in  rat 
dorsal  root  ganglia  (DRG)  following  sciatic  nerve  section.  Soc.  Neuroscl.  Abst. 
14:804. 

Itoh.  Y.  and  A.  Tessler.  1988.  Regenerating  CGRP-immunoreactive  dorsal  root 
ganglion  (DRG)  axons  from  terminals  in  transplants  of  fetal  spinal  cord.  Soc. 
Neurosci.  Abst.  14:657. 

Henken,  D.B..  Tessler.  A..  Chesselet,  M-F.  and  M.  Murray.  1989.  Changes  in  b- 
preprotachykinin  (b-PPT)  mRNA  and  tachykinins  in  rat  dorsal  root  ganglia  (DRG) 
following  peripheral  or  central  axotomy.  Soc.  Neurosci.  Abst.  15:880. 

Himes.  B.T.,  Rogahn,  C.  and  A.  Tessler.  1989.  Effects  of  neonatal  axotomy  on 
DRG  neurons:  An  Immuno-  and  histochemical  analysis  of  three  neuronal 
populations,  Soc.  Neurosci.  Abst.  15:444 

Itoh,  Y,  and  A.  Tessler.  1989.  Adult  dorsal  root  axons  regenerate  into  intraspinal 
transplants  of  fetal  spinal  cord  (FSC)  more  readily  than  into  fetal  brain 
transplants.  Soc.  Neurosci.  Abst.  15:321. 

Bull,  M.S..  Qian.  J.,  Tessler.  A.,  and  P.  Levitt.  1990.  Adult  and  fetal  astrocytes  in 
culture  differ  in  morphology  and  GFAPlexpression.  Soc.  Neurosci.  Abst.  16:352. 

Himes.  B.T.,  Goldberger,  M.E.,  and  A.  Tessler.  1990.  Grafts  of  fetal  CNS  tissue 
rescue  axotomized  Clarke's  nucleus  neurons  in  adult  and  neonatal  operates.  Soc. 
Neurosci.  Abst,  16:818. 

Howland,  D.R,,  Bregman,  B.S,,  Tessler.  A.,  and  M.E.  Goldberger.  1990,  The  effect 
of  transplants  on  motor  behavior  in  spinal  kittens.  Soc.  Neurosci.  Abst.  16:37. 

Itoh.  Y.,  Kowada,  M.,  and  A.  Tessler.  1990.  Time-course  of  regeneraUon  of  adult 
dorsal  root  axons  into  transplants  of  fetal  spinal  cord  (FSC).  Soc.  Neurosci.  Abst. 
16:1281. 
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Kikuchl,  K.,  Levitt.  P.,  and  A.  Tessler.  1990.  Astrocytes  may  contribute  to 
regeneration  of  dorsal  root  (DR)  axons  into  fetal  CNS  transplants.  Soc.  Neurosci. 
Abst.  16:1281. 

Webster.  L..  Tessler.  A.,  and  P.  Levitt.  1991.  Fetal  glial  conditioned  medium 
stimulates  the  proliferation  and  differentiation  in  vitro  of  type  I  and  type  11 
astroc)rtes  isolated  from  adult  spinal  cord.  Soc.  Neurosci.  Abst.  17: 1 148. 

Nothias.  F..  Tessler.  A..  Battisti,  W..  Chesselet,  M-F.,  and  M.  Murray.  1991. 
Regulation  of  b-preprotachykinin  mRNA  and  substance  P  in  rat  DRG  neurons 
after  neonatal  sciatic  nerve  lesion.  Soc.  Neurosci.  Abst.  17:563. 

Itoh.  Y.,  Sugawara.  T..  Kowada.  M..  and  A.  Tessler.  1991.  Development  of 
regenerated  dorsal  roots  within  fetal  spinal  cord  transplants.  Soc.  Neurosci.  Abst. 
17:943. 

Himes,  B.T..  Baker,  P..  Goldberger,  M.E.,  and  A.  Tessler.  1991.  Not  all  CNS 
transplants  can  rescue  axotomized  Clarke’s  nucleus  neurons.  Soc.  Neurosci.  Abst. 
17:1499. 

Nothias,  F.,  Tessler.  A.,  and  M.  Murray.  1992.  Regulation  of  levels  of  SP  and 
CGRP  in  dorsal  root  ganglia  and  dorsal  horn  after  neonatal  sciatic  nerve  lesion. 
Restor.  Neurol.  Neurosci.  In  Press. 

Tessler.  A..  Goldberger,  M.E.,  Himes.  B.T.,  Howland.  D.R,  Itoh.  Y..  and  M.J. 
Pinter.  Transplant  mediated  mechanisms  of  locomotor  recovery.  Restor.  Neurol. 
Neurosci.  In  Press. 

Sagot,  y.,  A.  Tessler.  and  I.  Fischer,  1992.  Expression  of  MAP  lb  and  tau  during 
regeneration  of  newborn  and  adult  rat  DRG  neurons  in  culture.  Soc.  Neurosci. 
Abst.  18:424. 

Nothias,  F,,  M.  Murray,  A.  Tessler.  and  I,  Fischer.  1992.  Expression  and 
distribution  of  microtubule-associated  proteins  in  DRG  neurons  after  sciatic  nerve 
lesion  in  adult  rat.  Soc,  Neurosci.  Abst.  18:424. 

Itoh,  Y.,  Tessler.  A..  Kowada,  M,.  and  Pinter.  M,  1992.  Electrophysiological 
responses  in  fetal  spinal  cord  transplants  evoked  by  regenerated  dorsal  root 
axons.  Acta  neurochirurg.  117:82. 

Itoh,  Y.,  Kowada,  M..  and  Tessler.  A.  1992.  Regeneration  of  adult  dorsal  root 
axons  into  transplants  of  dorsal  or  ventral  half  of  fetal  spinal  cord.  Acta 
neurochirurg.  117:84. 


(7)  CONCLUSIONS 

It  follows  from  this  work  that  cut  dorsal  roots  of  adult  DRG  neurons 
regenerate  into  transplants  of  embryonic  spinal  cord,  whereas  they  do  not 
regenerate  into  spinal  cord  in  the  absence  of  a  transplant.  The  regenerated  dorsal 
roots  contain  peptides  found  in  normal  dorsal  roots,  and  they  establish  synapses 
that  resemble  those  found  in  normal  spinal  cord  and  are  functionally  effective. 
These  findings  are  encouraging  for  the  hope  that  transplants  may  one  day  serve  a 
therapeutic  function  and  contribute  to  the  restoration  of  damaged  neural  circuits. 
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The  stimulus  that  elicits  or  supports  dorsal  root  regeneration  appears  not  to  be 
specific  to  embryonic  spinal  cord,  the  normal  target  of  dorsal  roots,  because  dorsal 
roots  also  regenerate  into  transplants  of  embryonic  brain.  Regeneration  into  brain 
regions  is  less  robust  than  into  spinal  cord,  however,  and  synapses  are  far  less 
frequent,  suggesting  that  regenerating  adult  neurons  require  specific  cues  for 
growth  within  a  target  and  synapse  formation.  Cutting  their  peripheral  process 
produces  profound  metabolic  changes  in  several  subsets  of  DRG  neurons  and  can 
cause  the  cells  to  die,  whereas  the  neurons  survive  central  axotomy  and  changes 
in  tachykinin  synthesis  are  not  observed. 
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ABSTRACT 

It  has  previously  been  demonstrated  that  the  severed  central  branches  of 
adult  metwMlien  dorsal  root  ganglion  cells  regenerate  into  transplants  of  fetal 
spinal  cord.  The  aim  of  this  study  sras  to  determine  whether  thm  regenerat¬ 
ing  axons  form  synapses,  and,  if  they  do.  to  characterize  them  morphologi¬ 
cally. 

Embryonic  day  14  or  15  spinal  cord  was  transplanted  into  the  lumbar 
enlargement  of  adult  Sprague-Dawley  rats,  and  the  L4  or  L5  dorsal  root  was 
cut  a^  then  juxtaposed  to  the  transplant  One  to  3  months  later  the  regener¬ 
ated  dorsal  roots  svere  labeled  by  anterograde  SUing  with  wheat  germ  agglu¬ 
tinin-horseradish  peroxidase  (WGA-HItf}  or  by  immunocytochemistry  for 
calcitonin  gene-related  peptide  (CGRP). 

Dorsal  root  labelii^  with  WGA-HRP  demonstrated  that  regenerated 
axon  terminals  made  synaptic  contacts  within  transplants,  and  sterMlogical 
electron  microscopic  analysis  demonstrated  that  CGRP-immunoreactive  ax<Hi 
ten^^inals  occupied  an  average  <^9%  of  the  neuropil  srithin  2  nun  of  the  dorsal 
root-transplant  interface.  Ihe  majority  of  synapses  were  axodendritic,  but  a 
significant  percentage  were  axosomatic  or  axoaxonic.  Since  axoaxonic 
syrupses  were  observed  in  transpluts  in  which  both  pre-  and  postsynaptic 
profiles  of  axoaxonic  synapses  were  labeled  for  CGRP,  some  regenerated 
axons  apparently  form  synapses  with  each  other.  Approximately  90%  of 
synaptic  contacts  were  simple,  9%  were  complex,  and  25%  of  the  complex  ter- 
rninida  were  immunopositive  for  CGRP.  Glia  occupied  25%  of  the  neuropil 
within  1  mm  of  the  dorsal  root-transplant  interface,  but  only  6  %  of  the  neuro¬ 
pil  1-2  mm  from  the  interface. 

We  also  performed  a  stereological  analysis  of  the  neuropil  in  lamina  I. 
The  area  fractions  of  iMuropil  occupied  ity  myelinated  axons,  perikarya,  and 
dendrites  were  similar  in  transplants  and  in  lamirui  I.  However,  the  area  frac¬ 
tion  occupied  by  unmyelinated  axtma  was  significantly  smaller  in  transplants, 
and  the  area  fraction  occupied  by  axon  terminals  was  significantly  li^r  in 
transplants  cmnpared  with  l^tn^n^  L  Regenerated  CGRP-immunoreactive 
synaptic  terminals  in  transplants  were  significantly  larger  than  in  normal  lam¬ 
ina  I,  and  their  synaptic  contact  length  was  also  increMcd,  suggesting  that  a 
compensatory  mechanism  ftv  increasing  tynaptic  efiSdency  might  occur 
within  the  transplants.  Synaptic  density,  however,  was  significantly  reduced 
in  tranqdants,  indicating  a  smaUer  number  of  synaptic  tarminala  per  unit 
area.  In  lamina  1,  as  in  the  transplant,  most  synapses  were  axodendritic,  but 
the  percentage  of  axosomatic  and  axoaxonic  terminals  was  lower  in  lamina  I 
than  in  the  transolants.  The  area  occupied  by  glia  in  lamina  1  was  umilar  to 
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that  observed  1-2  mm  from  the  dorsal  root-transplant  interface,  but  lower 
than  that  observed  0-1  mm  from  the  interface. 

The  results  of  this  study  show  that  regenerated  primary  afferent  axons 
form  synapses  within  transplants.  These  synapses  retain  many  of  the  charac¬ 
teristics  of  primary  afferent  synapses  in  normal  dorsal  horn,  suggesting  that 
transplants  may  provide  a  strate^  to  restore  some  of  the  properties  of  dam¬ 
aged  neural  circuits. 

Key  words:  CNS  regeneration,  embryonic  spinal  cord  traaspUnt,  WGA-HRP, 
anterograde  transport,  eaicitonla  geae>related  peptide,  launono- 
csrtochenilstry,  electron  microscopy 


The  severed  central  branches  of  adult  mammalian  dorsal 
root  ganglion  (DRG)  neurons  regenerate  along  the  dorsal 
root,  but  few,  if  any,  penetrate  the  dorsal  root  entry  zone 
and  regrow  into  the  spinal  cord  (Reier  et  al.,  ’83a,  ’86;  Liuzzi 
and  Lasek,  ’87;  Reier  et  al.,  ’89).  When  transplants  of  fetal 
spiiwl  cord  are  substituted  for  adult  spinal  cord,  however, 
DRG  axons  n^enerate  into  the  transplants  (Tessler  et  aL, 
’88).  In  order  to  determine  the  functional  potential  of  these 
regenerated  axons,  it  is  important  to  establish  whether  they 
make  synaptic  contacts  with  neurons  in  the  transplant. 
Although  synapses  have  been  described  within  intraspinal 
transplants  of  embryonic  spinal  cord  (Reier  et  al.,  *86).  it  is 
not  known  whether  they  derive  from  host  or  from  trans¬ 
planted  neurons.  To  determine  whether  synapses  within  the 
transplant  derived  from  regenerated  DRG  axons,  in  the 
present  study  we  have  therefore  identified  regenerated  ax¬ 
ons  vising  wheat  germ  agglutinin-conjugated  horseradish 
peroxidase  (WGA-HRP)  transport  and  immunocytochemi- 
cal  methods  (Tessler  et  aL,  ’88).  We  also  determined  the 
synaptic  density  and  characterized  the  synaptic  terminals. 

The  environment  within  Which  such  regenerated  axons 
make  synaptic  contacts  may  also  be  a  significant  factor  in 
determining  their  functional  potential.  Transplants  of  em¬ 
bryonic  spinal  cord  contain  all  the  neural  and  glial  elements 
that  make  up  the  neuropil  of  normal  spinal  cord  (Reier  et 
al.,  *86).  However,  the  composition  of  transplanted  spinal 
cord  has  not  been  studied  in  detail.  In  the  present  study,  we 
performed  stereological  analyses  to  determine  the  area  frac¬ 
tion  occupied  by  myelinated  and  unmyelinated  axons,  glia, 
terminals,  perikarya,  and  dendrites. 

In  addition  to  characterizing  the  transplant  in  terms  of 
the  formation  of  synapses  and  the  composition  of  the  neuro¬ 
pil,  it  was  important  to  compare  transplant  with  spinal  cord. 
If  regenerate  DRG  axons  establish  synapses  within  trans¬ 
plants,  then  comparing  the  types  of  synapses  formed  in 
transplants  with  those  formed  in  normal  spinal  cord  will 
provide  a  means  for  determining  whether  adult  axons  that 
regenerate  into  fetal  spinal  cord  establish  synaptic  contacts 
according  to  rules  similar  to  those  that  govern  developiim 
axons. 

To  compare  the  composition  and  synaptic  organization  of 
the  transplant  and  spinal  cord,  we  selected  lamina  I  of  the 
spinal  cord  for  stereological  and  morphometric  analyses. 
Although  no  area  of  spinal  cord  can  be  considered  equiva¬ 
lent  to  the  area  of  the  transplant  into  which  dorsal  root 
axons  regenerated,  lamina  I  was  chosen  for  the  following 
reasons: 

i)  it  is  the  lamina  closest  to  the  dorsal  root  entry  zone  and 
the  majority  of  dorsal  root  axons  regenerated  into  trans¬ 


plants  terminate  within  2  mn:  of  the  dorsal  root-transplant 
interface; 

ii)  unlike  other  regions  of  normal  spinal  cord,  both  my¬ 
elinated  and  unmyelinated  dorsal  root  axons  terminate 
within  lamina  I; 

iii)  lamina  I  is  a  region  rich  in  calcitonin  gene-related 
peptide  (CGRP)  (Rosenfeld  et  al.,  ’83;  Gibson  et  al.,  ’84; 
Carlton  et  al.,  ’87,  ‘88;  McNeill  et  al.,  ’88;  Chung  et  al.,  ’88) 
and  in  which  the  CGRP  is  derived  only  from  the  large  num¬ 
ber  of  A  delta  and  the  C  fibers  that  terminate  there  (Willis 
and  Coggeshall,  78;  Light  and  Perl,  79;  C^rvero,  *86; 
Sugiura  et  al.,  ’86);  the  r^ion  of  the  transplant  within  2  mm 
of  the  dorsal  root-transplant  interface  is  also  richly  inner¬ 
vated  with  DRG  axons  immunoreactive  for  CGRP  (Tessler 
etal..’88). 

MATERIALS  AND  METHODS 
Surreal  procedures 

Ten  male  and  female  adult  (200-.300  g)  Sprague-Dawley 
rats  (Zivic  Miller,  Allison  Park,  PA)  were  used  as  graft  recip¬ 
ients.  The  rats  were  anesthetized  with  keUmine  hydrochlo¬ 
ride  (95  mg/kg),  xylazine  (10  mg/kg),  and  acepromazine 
maleate  (0.7  mg/kg),  and  laminectomies  of  the  T13  or  Ll 
vertebrae  were  performed  with  a  speed  drill  (Dremel,  Ra¬ 
cine,  WI)  to  expose  the  lumbar  enlargement.  After  dorsal 
roots  were  sharply  transected  close  to  the  dorsal  root  entry 
zone  and  reflected  caudally,  a  hemisection  cavity  3-4  mm 
long  was  created  in  the  lumbar  enlargement  by  gentle  aspi¬ 
ration.  Segments  of  spina)  cord  5  mm  long  were  dissected 
from  embryonic  day  14  (E14)  or  E15  Sprague-Dawley  rat 
pups  and  introduced  into  the  cavity  acceding  to  procedures 
previously  described  (Reier  et  al.,  ’86).  The  cut  dorsal  root 
stumps  were  juxtaposed  to  the  transplants,  the  resected  ver¬ 
tebral  arch  was  replaced,  and  the  wound  was  closed  in 
layers.  ’This  procedure  is  similar  to  that  described  by  Reier 
et  al.,  (’86)  and  Tessler  et  aL  (’88). 

Anterograde  WGA-HRP  labeling  procedure 

One  to  3  months  after  transplantation,  3  recipients  were 
anesthetized  as  described  above,  the  original  wound  was 
reopened,  and  the  dorsal  roots  juxtaposed  to  the  graft  were 
identified.  Following  a  proc^ure  previously  described 
(Beattie  et  al.,  78;  Tessler  et  al.,  ’88),  these  roots  were  cut  5 
mm  distal  to  the  entry  site  and  the  central  end  of  the  cut 
root  was  inserted  into  a  tip  of  a  micropipet  filled  with  2% 
WGA-HRP,  where  it  remained  for  at  least  1  hour.  Forty- 
eight  hours  later  the  animals  were  deeply  anesthetized  with 
sodium  pentobarbital  (Nembutal,  40  mg/kg,  i.p.)  and  per- 
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fused  through  the  ascending  aorta  with  7&-100  ml  of  physio¬ 
logical  saline  followed  by  500  ml  of  a  solution  containing  1  % 
paraformaldehyde,  2.5%  gtutaraldehyde,  and  0.02  mM 
CaCl]  in  0.1  M  phosphate  buffer  (pH  7.4).  The  spinal  seg¬ 
ments  that  included  the  transplants  were  dissected  out.  Sec¬ 
tions  50  laa  thick  were  cut  in  the  sagittal  plane  on  a  Vibra- 
tome  and  processed  for  HRP  visualization  using  a  solution 
of  0.05%  3,3'-diaminobenzidine  (DAB),  0.01%  hydrogen 
peroxide,  and  0.01  M  imidazole  in  0.05  M  Tris-HCl  buffer, 
pH  7.4  according  to  the  protocol  of  Straus  (*82).  Alternate 
sections  from  each  animal  were  prepared  for  light  and  elec¬ 
tron  microscopic  analyses.  Tissues  for  light  microscopic 
study  were  mounted  on  subbed  slides  and  coverslipp^, 
while  specimens  for  electron  microscopic  evaluation  were 
postfix^  in  a  solution  of  1%  osmium  tetroxide  in  0.1  M 
Sym-collidine  buffer  for  20  min  at  45''C  (Ruda  et  al.,  ’86), 
dehydrated,  and  flat-embj^ded  in  Epon-Araldite  mixture. 

GGRP  immunocytochemistry 

For  light  microscopic  analysis,  three  host  rats  (1-3 
months  after  transplantation)  and  three  normal  rats  were 
deeply  anesthetized  with  sodium  pentobarbital  and  per- 
fus^  transcardially  with  normal  saline  followed  by  4% 
paraformaldehyde  in  0.1  M  phosphate  buffer,  pH  7.4.  Spinal 
s^ments  that  contained  transpUmts  or  normal  L4  or  L5  spi¬ 
nal  cord  were  rer  loved,  sectioned  on  a  cryostat  (14  mn),  and 
mounted  on  subbed  slides.  The  sections  were  then  processed 
for  the  peroxidase-antiperoxidase  (PAP)  technique  accord¬ 
ing  to  methods  that  have  been  described  previously  (Stem- 
berger,  ’86;  Tessler  et  al.,  ’80,  ’88). 

For  electron  microscopic  analysis,  four  recipients  (1  to  3 
months  after  transplantation)  and  four  control  animals  were 
deeply  anesthetize  with  sodium  pentobarbital  and  per¬ 
fuse  through  the  ascending  aorta  with  50  ml  of  physiolog¬ 
ical  saline  followed  by  500  ml  per  animal  of  0.1  M  caceylate 
buffer  pH  7.4  (4”C)  containing  3%  paraformaldehyde,  3% 
glutaraldehyde,  0.1%  picric  acid,  and  0.02  mM  CaC4.  Seg¬ 
ments  5-6  mm  long  that  contained  transplants  or  normal 
spinal  cord  were  immediately  removed.  Transplants  were 
cut  with  a  Vibratome  (40  ^m)  in  the  sagittal  plane  because 
CGRP-immunoreactive  fibers  were  more  easily  detected 
there  than  in  the  coronal  plane.  To  study  CGRP-immunore¬ 
active  fibers  in  lamina  I,  specimens  of  spinal  cord  dissected 
from  control  animals  were  sectioned  in  ^e  ccnronal  plane  (40 
km).  All  sections  were  incubated  in  1%  sodium  borohydride 
in  phosphate  buffer  saline  (PBS),  pH  7.4,  for  30  min  and 
rinsed  several  times  in  PBS  (Kosaka  et  al.,  ’86;  Carlton  et  al.. 


’87;  Carlton  et  ai.,  ’88;  McNeill  et  al.,  ’88).  The  specimens 
were  then  treated  with  a  series  of  ascending  and  descending 
concentrations  of  ethyl  alcohol  in  PBS  as  previously  de¬ 
scribed  (Light  et  al.,  ’83;  Carlton  et  al.,  ’87)  and  processed 
for  the  PAP  method  of  Stemberger  (’86).  After  rinsing  with 
norma)  goat  serum  (NGS)  diluted  1:30,  sections  were  incu¬ 
bated  overnight  at  room  temperature  in  primary  antiserum 
(Peninsula  Laboratories,  Belmont,  CA)  diluted  1:16,000 
with  a  solution  of  PBS  containing  1  %  NGS.  After  washing 
twice  in  1  %  NGS,  the  sections  were  incubated  in  goat  anti¬ 
rabbit  IgG  diluted  1:50  for  90  minutes  at  room  temperature, 
and  then  rinsed  in  1  %  NGS.  The  specimens  were  incubated 
in  PAP  (1:100)  for  90  minutes  at  room  temperature,  then 
washed  in  PBS  followed  by  0.05  M  Tris-HCl  buffer  (pH  7.4) 
and  incubated  in  0.05%  DAB  containing  0.01%  hydrogen 
peroxide  diluted  in  0.05  M  Tris-HCl  buffer  for  6-8  minutes 
at  room  temperature.  After  fixation  in  3%  glutaraldehyde 
solution  for  2  hours,  the  sections  were  osmicated  (Ruda  et 
al.,  ’86).  dehydrated  and  fiat-embedded. 

The  characteristics  of  the  primary  antisera  against  CGRP 
and  controls  for  the  specificity  of  staining  have  been 
described  in  detail  previously  (Tessler  et  al.,  ’88). 

Stereological  analysis 

Because  CGRP-immunoreactive  fibers  were  too  exten¬ 
sively  distributed  within  the  transplants  to  study  every 
fiber,  the  following  sampling  procedure  was  used.  From  each 
recipient  two  or  three  flat-embedded  Epon  sections  were 
selected  that  contained  CGRP-labeled  fibers  arborizing 
either  within  1  mm  of  the  dorsal  root-transplant  interface 
(animals  1  and  2  in  Table  1)  or  within  1-2  mm  of  the  inter¬ 
face  (animals  3  and  4  in  Table  1).  These  areas  were  consid¬ 
ered  to  be  analogous  to  lamina  1.  Ultrathin  sections  were 
cut,  placed  on  400  mesh  grids,  and  examined  in  a  JEOL  lOOS 
electron  microscope.  Neither  uranyl  acetate  nor  lead  citrate 
staining  was  used.  Sections  were  outlined  on  graph  paper  at 


Fig.  1.  Ssfitul  seetioM  of  smbryonic  spinal  cord  grsfU  1  month 
after  transplantatioD.  Bar  -  100  am.  a:  Host  dorsal  root  (DR)  axons 
labeled  with  2%  WGA-HRP  rscenerats  into  the  transplant  (IT)  and 
arborise  within  the  grafL  Axons  show  numerous  varicosities  and  some 
end  in  globular  dilatations  (arrows),  b:  CGRP-immunoreactive  axons 
are  shown  in  host  dMsal  root  (DR)  and  transplant  (TP).  Regenerated 
axons  contain  vancositiet  along  their  padis  and  ate  tangled  together  to 
form  dense  idexuses  (*).  Inset  shows  relationship  of  transplant  (TP) 
and  host  spinal  cord  (H)  and  the  interface  (srrowlHwds)  between  dorsal 
root  (DR)  and  transplant  Stained  with  chtomosanc  cyanine  R  and  cre- 
syl  violet  (Clark,  *81).  Bar  -  600  am. 
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Fig.  2.  CGRP-immunoreaetion  product  in  tranaveiae  MCtion  of  nor¬ 
mal  rat  lumbar  spinal  cord  (lA  aegment).  Labeled  aaons  and  terminals 
are  evenly  distributed  in  laminae  I  and  Ilo.  Bar  -  100  am. 


low  magnification,  and  regions  were  identified  in  which  at 
least  10  adjacent  grid  squares  contained  profiles  immunore- 
active  for  pGRP.  Two  photographs  were  randomly  taken  at 
a  xS.OOO  magnification  from  alternate  grid  squares  for  a 
total  of  40-50  photographs  for  each  recipient.  Grid  squares 
in  which  more  than  one-half  of  the  field  was  occupied  by 
blood  vessels  or  by  bundles  of  myelinated  axons  were 
excluded  from  the  survey  (Murray  and  Goldberger,  ’86). 
Axons  (myelinated  and  unmyelinated),  terminals,  cell  bod¬ 
ies,  dendrites,  and  nonneuronal  structures  (glia,  blood  ves¬ 
sels,  and  unidentified  profiles)  were  identified  using  criteria 
described  previously  (Lemkey-Johnston  and  Larramendi, 
’72;  Murray  and  Goldberger,  ’86),  and  the  area  fraction 
occupied  by  each  structure  was  measured  on  electron  micro¬ 
graphs  at  a  final  magnification  of  x  20,000.  In  brief,  these 
criteria  were  as  follows; 

i)  nerve  terminals:  bulbous  structures  containing  a  clus¬ 
ter  of  5  or  more  synaptic  vesicles; 

ii)  unmyelinated  axons:  membrane-bounded  structures 
with  pale  cytoplasm  that  included  many  profiles  of  microtu¬ 
bules  and/or  mitochondria; 

iii)  dendrites:  irregularly  shaped  structures  with  a  pale 
cytoplasmic  matrix; 

iv)  glial  structures;  irregularly  shaped  processes  that  con¬ 
tained  bundles  of  glial  filaments  (astroglia)  or  dark  cyto¬ 
plasmic  matrix  (oligodendroglia). 

The  area  fraction  occupied  by  axons  and  terminals  was 
further  classified  into  CGRP-labeled  and  CGRP-unlabeied 
elements  as  determined  by  the  presence  or  absence  of  elec¬ 
tron-dense  immunoreaction  product. 

The  stereological  analysis  of  four  normal  control  animals 
was  performed  according  to  the  protocol  of  Murray  and 
G<ildberger  (’86).  Thin  cross-sections  containing  an  entire 
lamina  I  were  cut  and  placed  on  400  mesh  grids.  At  low  mag¬ 
nification,  the  sections  were  outlined  on  graph  paper,  and 
landmarks  were  identified  using  camera  lucida  drawings  of 
Epon-embedded  1-jim  thick  cross-sections  stained  with 


0.7‘,  toluidine  blue.  The  lamina  1-1!  boundary  was  deter¬ 
mined  according  to  criteria  previously  describ^  (Ralston, 
’68;  McClung  and  Castro,  ’76;  Ralston  and  Ralston,  ’79; 
Snyder,  ’82;  Molander  et  al.,  ’84;  Murray  and  Goldberger, 
’86).  In  areas  in  which  the  profiles  of  lamina  I  covered  10  to 
15  grid  squares,  two  electron  micrographs  were  taken  at  a 
magnification  of  x  8,000  from  each  grid  square  so  as  to 
include  an  entire  marginal  zone.  Structures  were  then  classi¬ 
fied  and  the  area  fractions  calculated  using  the  same  proce¬ 
dures  as  described  above  for  the  transplants. 

To  determine  the  synaptic  density  within  transplants  and 
lamina  I,  the  number  of  synapses  was  counted  according  to 
the  protocol  of  Sdrensen  and  Zimmer  (’88).  The  area  exam¬ 
ined  on  electron  micrographs  corresponded  to  9.0  nm  x  7.2 
iim  and  the  synaptic  density  was  expressed  as  the  number  of 
synapses  per  100  iim’.  Synapses  were  also  classified  as 
(TGRP-labeled  or  CGRP-unlateled. 

1 

Morphometric  analysis 

Synaptic  terminals  in  electron  micrographs  used  for  the 
stereological  analysis  were  subsequently  analyzed  mor¬ 
phometrically.  A  profile  was  considered  to  be  a  synaptic  ter¬ 
minal  if  it  contained  a  cluster  of  five  or  more  synaptic  vesi¬ 
cles,  formed  unequivocal  synaptic  complexes  with  neuronal 
profiles,  and  had  vesicles  closely  associated  with  the  synap¬ 
tic  junctions.  The  area,  perimeter,  longest  dimension,  length 
of  synaptic  contacts,  and  glial  profile  length  per  perimeter  of 
60-120  synaptic  terminals  from  each  transplanted  and  con¬ 
trol  animal  were  measured  using  the  Bioquant  System  IV 
(R&M  Biometrics,  Inc.,  Nashville.  TN).  Because  lamina  1  of 
normal  animals  was  sectioned  transversely  whereas  trans¬ 
plants  were  sectioned  longitudinally,  we  determined 
whether  the  shape  of  the  synaptic  terminals  was  affected  by 
the  plane  of  section  by  calculating  the  shape  factor  (Mize. 
’85)  according  to  the  formula  4  ir  area/perimeter.’  The  mean 
shape  factor  of  CGRP-immunoreactive  synaptic  terminals 
in  transplants  was  0.46  ±  0.04  (S.E.M-.)  and  in  lamina  1. 
0.52  ±  0.02.  Since  there  was  no  statistically  significant  dif¬ 
ference  between  the  two  (P  >  0.05,  the  Mann-Whitney  two- 
sarnple  test),  these  data  indicated  that  the  shape  of  the 
profiles  of  at  least  the  CGRP-immunoreactive  synaptic  ter¬ 
minals  was  unaffected  by  the  different  section  planes  used 
in  transplanted  and  control  animals.  Elach  synapse  from 
normal  lamina  I  and  transplants  was  further  studied  and 
classified  for  the  following  characteristics: 

i)  CGRP  immunoreactivity; 

ii)  synaptic  vesicle  type:  synapses  were  classified  as  con¬ 
taining  spherical,  spherical  and  dense  cored,  or  pleomorphic 
vesicles; 

iii)  number  of  synaptic  contacts:  a  terminal  was  classified 
as  simple  if  it  made  only  one  synaptic  contact,  or  complex,  if 
it  made  two  or  more  synaptic  contacts  per  profile.  A  multi - 
synaptic  index  (MSI)  was  calculated  after  determining  the 
number  of  contacts  with  separate  postsynaptic  structures 
per  terminal  profile. 

iv)  type  of  postsynaptic  structures:  a  synapse  was  classi¬ 
fied  as  axodendritic,  axosomatic,  or  axoaxonic. 

Since  the  distinction  between  axon  terminals  and  den¬ 
dritic  terminals  containing  vesicles  is  difficult  (Peters  et  al., 
’76),  the  following  criteria  were  used  to  identify  axoaxonic 
synapses:  1)  presynaptic  element  is  recognized  as  an  axon;  2) 
synaptic  vesicles  contained  in  presynaptic  elements  are  as¬ 
sociated  closely  with  the  junction;  3)  postsynaptic  elements 
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F'l;.  3  Election  tnicrofraphe  of  labeled  axons  in  transplants  (a  and  b)  and  lamina  I  (c).  Bar  -  0  5  (im  a: 
Myelituted  axon  labeled  by  WGA-HRP  has  regenerated  within  transplant  b:  An  example  of  a  CORF’ 
immunoreaetive  myelinated  axon  found  within  transplants,  c;  One  myelinated  I  ‘  i  and  two  unmyelinated 
axons  (arrows)  contain  CGRP-immunoreactivity  associated  with  microtubules  and  aiolemma 


contain  synaptic  vesicles  and/or  microtubules  labeled  for 
CORP;  and  4)  junctions  have  the  characteristics  of  normal 
synapses. 

The  stereological  data  were  analyzed  statistically  by  the 
Mann- Whitney  two-sample  lest.  The  significance  of  the 
morphometric  analysis  was  evaluated  by  one-way  ANOV^A 
(/'  ■  (.I.Oo).  If  there  were  significant  differences  between 
transplant  and  lamina  I.  each  rbsult  was  corrected  for  multi¬ 
ple  comparisons  using  the  Duncan  test.  All  statistical  analy¬ 
ses  were  performed  using  the  Number  Cruncher  Statistical 
System  (Dr,  Jerry  L.  Hinlze.  Kaysville,  UT). 

RESULTS 
Light  microscopy 

Transplant.  Anterograde  WGA-HRP  labeling  of  the 
severed  host  dorsal  root  reveals  that  regenerated  fibers  have 
grown  into  each  of  the  three  transplants  studied.  Labeled 
axons  course  longitudinally  within  the  dorsal  roots,  appear 
to  turn  at  the  dorsal  root-transplant  interface,  and  grow 
across  the  entire  dorsal-ventral  width  of  the  transplants. 
The  regenerating  dorsal  root  axons  arborize  extensively  and 
radially  within  the  grafts  and  contain  varicosities  along  their 
length.  Most  of  the  endings  of  labeled  fibers  show  globular 
dilatations  that  vary  in  size  (Fig.  la). 

Regenerating  axons  immunoreaetive  for  CGRP  are  more 
numerous  within  the  transplants  and  arborize  more  widely 
than  those  seen  following  labeling  with  W'GA-HRP.  In  some 
sections,  TORF'-immunoreactive  axons  appear  to  be  tangled 
together  to  form  dense  plexuses.  CGRP-ir'muncreactive  fi- 
ber.s  show  varicosities  along  their  paths,  but  dilatation.s  of 
axon  endings  are  less  prominent  than  after  HRP  filling  (Fig 
lb)  These  observations  are  very  similar  to  those  that  we 
have  previously  reported  (Tessleret  al.  ’88). 

Superjirial  dorsal  horn.  When  studied  in  cryostat 
sections  or  in  semithin  (1  um)  epon  sections.  CGRl’-immu- 


noreactive  fibers  bearing  numerous  varicosities  are  found  in 
Lissauer’s  tract  and  laminae  1  and  11  outer  (IIo)  (Fig.  2) 
Immunoreaetive  fibers  are  evenly  distributed  in  lamina  1. 
traverse  a  layer  of  large  flattened  marginal  neurons  (Wal- 
deyer  ceils),  and  are  present  throughout  lamina  llo 

Electron  microscopy 

Transplant.  In  graft  recipients  whose  dorsal  roots 
were  labeled  with  WGA-HRP.  regenerating  axons  and  ter¬ 
minals  are  readily  identified  by  their  den.se  content  of  HRl’ 
reaction  product.  Labeled  myelinated  axons  leverage  diam 
eter  1.67  jim)  (Fig  3a)  are  observed  only  close  to  the  dorsal 
riKit -transplant  junction,  where  some  of  their  terminals 
form  synaptic  contacts  upon  dendritic  profiles  Most  of 
these  synaptic  complexes  are  asymmetric  (type  1.  Gray  ’59i 
with  parallel  pre-  and  postsynaptic  membranes,  presynaptu 
accumulation  of  spherical  vesicles  (mean  diameter  4.">  nmi, 
and  postsynaptic  thickenings  (Fig.  4a).  All  of  the  synaptic 
terminals  that  we  observed  to  be  labeled  by  WGA  HRP 
transport  contain  spherical  vesicles. 

CGRP- immunoreaetive  axons  and  terminals  are  also  rec 
ognized  within  the  grafts.  In  axons,  CGRP-labelmg  is 
mainly  a.ss(x;iated  with  microtubules  (Fig.  3b);  in  axon  ter 
minals.  with  dense-cored  vesicles  (Fig.  4b,c).  Many  CGRP 
labeled  terminals  make  one  or  two  synaptic  contacts  with 
postsynaptic  profiles,  hut  some  endings  form  three  or  more 
synapses.  Although  these  synapses  are  similar  morphologi 
cally  to  those  labeled  by  WGA-HRP,  the  majority  of  CGRP- 
immunoreaetive  presynaptic  endings  contain  both  spherical 
and  (Jen.se  cored  vesicles  (Fig  4b.c).  Some  labeled  synaptic 
terminals  are  entirely  surrounded  by  glial  processes  (Fig  ,5), 
however,  most  are  only  partially  enveloped. 

In  general  the  morphology  of  regenerated  axons  and  ter 
minals  identified  by  the  two  labeling  methods  closelv  resem 
hies  that  of  the  corresponding  structures  found  in  normal 
lamina  I  Two  types  of  unusual  profiles,  however,  ixciir 
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Fig.  5.  In  the  region  cloee  to  the  donal  root-tranipUnt  interface, 
several  cloaely  approxintated  OGRP-Ubeled  axon  terminals  (T)  are 
densely  surrounded  by  astrocytic  processes  <A).  Bar  -  1  am. 


within  the  grafts.  One  type  consists  of  varicosities  filled  with 
CGRP-immunoreactive  dense-cored  vesicles  that  are  com¬ 
posed  of  several  overlapping  and  apparently  interconnect¬ 
ing  axonal  endings  (Pig.  ^).  These  varicosities  occur  cloee  to 
the  dorsal  root-transplant  interface  and  are  densely  covered 
with  glial  profiles.  The  second  type  consists  of  large  termi¬ 
nals  that  are  apposed  to  each  other  by  atypical  junctions. 
These  are  labeled  by  WGA-HRP  but  only  infrequently  by 
CGRP.  The  longest  dimension  of  these  large  terminals  is 
approximately  4  pm.  and  they  are  filled  with  numerous 
spherical  clear  vesicles,  mitochondria,  and  microtubules 
(Fig.  fib).  Similar  dilated  terminals  have  been  reported  dur¬ 
ing  the  early  stages  of  DRG  axon  regeneration  into  adult 
spinal  cord  (Stensaas  et  al.,  ’79;  Reier  et  al.,  ’83a;  Liuzzi  and 
Lasek,  ’87),  and  in  this  respect  the  structures  resemble 


Fig.  4.  Electron  micrograplu  from  UaneplanU.  Bar  -  I  tun.  a:  A 
WGA-HRP-labeled  complex  presynaptk  terminal  containing  spherical 
veticies  mahet  asymmetric  synaptic  contacts  (arrom)  upon  different 
dendritic  profiles  (D).  b:  A  typical  asymmetric  axodendritic  synapse  (ar¬ 
row)  in  which  a  CGRP-labeled  preaynaptic  profile  contacts  a  dendrite 
(D).  e:  An  example  of  a  CGRP-immunoreactive  complex  terminal  con- 
mining  spherical  and  dense-cored  vesicles  that  makes  asymmetric 
synaptic  contacts  (arrows)  upon  different  dendritic  profiles.  This  termi¬ 
nal  is  surrounded  by  numerous  vesicle-containing  profiles. 


growth  cones.  However,  the  enlarged  terminals  that  we 
observed  are  apposed  to  each  other  with  unusual  junctions 
consisting  of  parallel  thickened  membranes  separated  by  a 
variable  (25-50  nm)  interval,  and  the  vesicles  are  only  in 
some  instances  closely  associated  with  the  membranes. 
When  studied  by  interrupted  serial  sections,  the  large  ter 
minals  appear  to  make  no  definite  synaptic  contacts  with 
other  profiles  in  the  neuropil.  These  observations  therefore 
suggest  that  the  structures  more  closely  resemble  regenerat 
ing  axons  of  adult  DRG  neurons  whose  growth  has  been 
arrested  (Stensaas  et  al.,  *79;  Reier  et  al.,  '83a;  Liuzzi  and 
Lasek,  ’87)  than  those  that  are  forming  growth  cones  (Pom- 
erat  et  al.,  ’87;  Bunge  et  al.,  ’83). 

Lamina  I.  CGRP-immunoreactive  axons  and  synaptic 
terminals  are  distributed  throughout  lamina  I,  but  fewer 
labeled  axons,  especially  myelinated  axons,  are  found  in  the 
marginal  zone  than  in  Lissauer’s  tract.  In  both  myelinated 
(average  diameter  1.50  Mm)  and  unmyelinated  axons,  reac¬ 
tion  product  is  most  consistently  associated  with  microtu¬ 
bules,  but  in  heavily  labeled  profiles  it  is  also  associated 
with  the  axolemma  and  mitochondria  (Fig.  3c).  Most 
CGRP-immunoreactive  terminals  contain  two  types  of 
synaptic  vesicles:  numerous  small,  clear,  spherical  vesicles 
(mean  50  nm  in  diameter)  and  less  numerous  large,  spheri¬ 
cal  dense-cored  vesicles  (mean  95  nm  in  diameter).  Reaction 
product  in  terminals  is  found  in  the  cores  of  dense-cored 
vesicles.  The  majority  of  labeled  synaptic  terminals  make 
one  or  two  synaptic  contacts  with  dendritic  profiles  that 
lack  vesicles  (Fig.  7a,b),  but  some  terminals  form  three  or 
more  synapses  with  postsynaptic  profiles.  These  observa¬ 
tions  are  similar  to  the  findings  of  McNeill  et  al.  (’88). 

Stereological  analysis 

Compoaition  of  neuropil  (Table  1,  Fig.  8).  Peri- 
karya  and  dendrites  occupy  34  Cr  and  axon  terminals  occupy 
29'j  of  the  area  fraction  in  the  transplant  regions  examined, 
while  myelinated  axons  occupy  9%  and  unmyelinated  axons 
occupy  127c.  The  area  fraction  occupied  by  most  of  the 
structures  that  we  analyzed  varies  little  among  the  trans¬ 
plants,  but  the  amount  occupied  by  astrocytic  profiles  is 
variable  and  depends  on  the  portion  of  the  transplant  that  is 
sampled.  Within  1  mm  of  the  dorsal  root-transplant  inter¬ 
face  (animals  1  and  2  in  Table  1),  astrocytes  occupy  approxi¬ 
mately  247c,  whereas  in  the  region  1-2  mm  from  the  inter¬ 
face  (animals  3  and  4  in  Table  1 )  their  percentage  of  the  area 
fraction  is  approximately  fiTc.  In  lamina  I.  perikarya  and 
dendrites  occupy  367c  and  unmyelinated  axons  28 7r  of  the 
area  fraction,  whereas  axon  terminals  constitute  17'  , ,  my 
elinated  axons  107c ,  and  glia  67c .  The  area  fractions  occu¬ 
pied  in  transplants  by  perikarya  and  dendrites  and  by  my¬ 
elinated  axons  are  therefore  very  similar  to  those  observed 
in  lamina  1.  The  area  occupied  by  glia  within  the  transplants 
is  the  same  as  that  occupied  in  lamina  I.  At  the  dorsal  root- 
transplant  interface,  glia  occupy  a  percentage  of  the  area  4 
times  larger  than  in  lamina  I. 

CGRP-labeling  of  axona  and  terminala  (Table 
2).  The  stereological  analysis  of  axons  and  terminals  la¬ 
beled  for  CGRP  shows  the  percentage  of  the  neuropil  that  is 
occupied  by  structures  derived  only  from  dorsal  roots.  In 
transplants,  axon  terminals  represent  29%  of  the  area  frac¬ 
tion,  unmyelinated  axons  137c,  and  myelinated  axons  1%. 
In  lamina  I,  axon  terminals  occupy  177o  of  the  area  fraction, 
unmyelinated  axons  ISTi.  and  myelinated  axons  5'’c.  The 
area  fraction  occupied  by  CGRP-unmyelinated  axons  is 
therefore  not  different  in  transplants  and  lamina  I,  whereas 
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Fig.  6.  Electron  microgrtphs  of  unusual  structures  srithin  transplants.  Bar  >  1  «im.  a:  An  example  of 
unusual  dilated  varicosities  (V>  consisting  of  several  closely  apposed  structures  that  are  filled  with  CGRP- 
labeled  and, -unlabeled  dense-cored  vesicles.  Astrocytic  processes  (A)  surround  these  structures,  b:  Large 
terminals  labeled  by  WGA-HRP  that  contain  numerous  spherical  vesicles,  mitochondria,  and  microtubules. 
These  endings  are  characterized  by  unusually  long  cell  junctions  separated  by  20-50  nm  (arrows) 


Fig.  7.  Electron  micrographs  illustrating  CGRP-iramunoreactive  terminals  in  normal  lamina  1.  Bar  -  1 
wm.  a;  An  example  of  a  simple  terminal  that  contains  labeled  spherical  and  dense-cored  vesicles,  and  makes 
an  asymmetric  contact  (arrow)  upon  a  dendritic  profile  (D).  b:  An  example  of  a  complex  terminal  that  con¬ 
tains  immunoreactive  spherical  and  dense -cored  vesicles,  and  makes  two  asymmetric  contacts  (arrows)  upon 
different  dendritic  profiles  (D). 
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TABLE  2.  Comparina  of  %  CGRP-Lobeting  of  Axom  and  Temiiiiali' 
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Fif.8.  CompotiUon  of  neuropil.  Hiato|raiiisauiiiBurixin«stereclo(- 
ical  data  from  lamina  I  (N  -  4)  and  Uanaplanta  (N  -  4).  Ban  are 
divided  aooordinc  to  the  area  fraction  occupied  by  myclinatad  and 
unmyelinated  axons,  larminala,  perikarya  and  dendritaa,  and  flis.  Areas 
occupied  by  unmyelinated  axons  and  tenninab  in  tianaplantB  are  aignif- 
icantiy  different  from  lamina  I  (*). 


the  percentage  of  area  occupied  by  CGRP-labeied  my¬ 
elinated  axons  in  transplants  is  significantly  decreased  com¬ 
pared  with  lamina  I  and  the  area  fraction  occupied  by 
CGRP-labeled  dorsal  root  azmi  terminals  is  increas^. 

SynapUe  denaity  (Tabte  8).  The  total  number  of 
synapses  per  100  pm’  in  transplants  is  5,78.  This  total 
includes  2.22  that  are  immunoreactive  for  CGRP  and  3.57 
that  are  unlabeled,  in  lamina  1  the  total  synaptic  density  is 
7.72  per  100  pnr  ,  of  which  2.43  are  labeled  for  CGRP  and 
5.29  are  unlabeled.  The  density  of  synapses  in  which  the 
presynaptic  endings  are  labeled  for  CGRP  is  therefore  the 
same  in  transplants  as  in  lamina  I.  whereas  both  the  total 
synaptic  density  in  transplants  and  the  density  of  synapses 
in  which  the  presynaptic  terminals  are  unlabeied  for  CGRP 
are  significantly  reduced. 

Synaptic  terminals 

Synaptic  vcalcica  (Table  2).  Nearly  85  %  of  axon  ter- 
minals  in  transplants  contain  only  spherical  vesicles.  Much 
smaller  percentages  of  the  remaining  terminals  contain  both 
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spherical  and  dense  cored  vesicles  or  pleomorphic  vesicles. 
Although  constituting  only  7%  of  the  total  area  occupied  by 
axon  terminals,  those  that  contain  both  spherical  and  dense 
cored  vesicles  represent  nearly  75%  of  the  terminals  that 
contain  CGRP.  Similar  results  are  found  in  lamina  1.  where 
90'  t  of  axon  terminals  contain  only  spherical  vesicles  and 
the  area  fraction  that  each  synaptic  type  occupies  is  not  sig¬ 
nificantly  different  from  the  area  fraction  that  it  occupies  in 
transplants.  In  lamina  I,  as  in  transplants,  terminals  that 
contain  both  spherical  and  dense  cored  vesicles  represent  a 
small  percentage  of  the  total  area  occupied  oy  terminals,  but 
include  nearly  75'/i>  of  the  terminals  immunoreactive  for 
CGRP. 

Morpholoyical  feature*  (Tabtea  4,  5).  CGRP -con¬ 
taining  terminals  are  significantly  larger  than  unlabeled  ter¬ 
minals  in  transplants  when  area,  perimeter,  and  longest 
dimension  are  measured  (Table  4).  The  average  length  of 
the  synaptic  contacts  formed  by  CGRP-immunoreactive 
terminals  in  transplants  is  also  significantly  longer  than  that 
of  unlabeled  terminals  (Table  5).  Glia  cover  a  similar  per¬ 
centage  of  the  perimeter  of  both  labeled  and  unlabeled  ter¬ 
minals  (Table  4).  In  lamina  I,  CGRP-containing  synaptic 
terminals  are  also  significantly  larger  than  synaptic  termi¬ 
nals  unlabeled  for  CGRP,  but  the  lei'tgth  of  synaptic  contact 
formed  by  labeled  and  unlabeled  terminals  is  the  same  and  a 
similar  percentage  of  the  perimeter  of  both  types  of  termi¬ 
nals  is  covered  by  glia.  Both  labeled  and  unlabeled  terminals 
in  transplants  are  signifiouitly  larger  than  their  counter¬ 
parts  in  lamina  I,  and  the  length  of  synaptic  contact  estab¬ 
lished  by  CGRP-immunoreactive  terminals  in  transplanU 
exceeds  that  found  in  lamina  I.  The  length  of  synaptic  con- 
UcU  formed  by  terminals  that  lack  CGRP  is  not  signifi¬ 
cantly  different  in  transpUnts  and  lamina  I,  and  the  per¬ 
centage  of  the  perimeter  of  synaptic  terminals  that  is 
covered  with  glia  shows  no  significant  changes  between  lam¬ 
ina  I  and  transplants  (Table  4).  Therefore,  although  the 
results  of  the  stereological  analysis  show  that  the  amount  of 
glia  varies  among  transplants  (Table  1),  this  variability  does 
not  occur  in  association  with  the  synaptic  terminals. 
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TABLE  4.  CompvaoQ  of  Synoptic  Terminals' 
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TABLES.  CompariHiii  of  Synaptic  CootaOa' 
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Synaptic  contacts  (Table  5).  In  transplants,  the  ma  - 
jority  of  both  CGRP 'labeled  terminals  and  terminals  that 
lack  CGRP  form  synaptic  contacts  with  one  profile  (simple). 
However,  nearly  25%  of  CGRP-labeled  terminals  contact 
more  than  one  profile  (complex)  and  this  percentage  is  far 
greater  than  that  of  the  complex  contacts  formed  by  unla- 
beied  terminals.  In  lamina  I,  most  labeled  and  unlabeled 
synapses  are  also  simple,  and  a  considerably  larger  percent¬ 
age  of  labeled  terminals  than  unlabeled  are  complex.  The 
percentage  of  axon  terminals  that  forms  simple  or  complex 
synaptic  contacts  shows  very  little  difference  between  trans¬ 
plants  and  lamina  I,  whether  this  is  determined  tor  CGRP- 
labeled  terminals  or  for  terminals  that  lack  CGRP.  In  both 
tissues  approximately  25%  of  labeled  terminals  are  com¬ 
plex.  Because  the  ratio  between  simple  and  complex  synap¬ 
tic  terminals  is  unchanged  in  transplants  and  lamina  1,  the 
MSI  also  shows  no  significant  alterations. 

Most  CGRP-labeled  and  CGRP-unlabeled  terminals  in 
transplants  make  contacts  with  dendritic  processes.  Some  of 
these  dendrites  contain  spherical  and  dense-cored  vesicles, 
or  pleomorphic  and  dense-cored  vesicles  (Fig.  9a)  and  are 
therefore  difficult  to  distinguish  from  axons.  A  similar  find¬ 
ing  has  been  reported  previously  (Vidal-Sanz  et  al.,  ’87;  Car¬ 
ter  et  al.,  '88;  Bray  and  Aguayo,  ’89).  Approximately  10%  of 
CGRP-immunoreactive  synaptic  terminak  contact  peri- 
karyal  profiles  (Fig.  9b)  and  19%  form  asymmetric  contacts 
with  axonal  profiles  (Fig.  10a, b).  In  lamina  I,  nearly  95%  of 
both  labeled  and  unlabeled  synaptic  terminals  contact  den¬ 
drites.  and  virtually  all  of  the  remaining  synapses  are  axoso- 
matic.  The  percentage  of  CGRP-immunoreactive  synapses 
formed  with  dendrites  is  therefore  significantly  reduced  in 
transplants  compared  with  lamina  I,  and  a , significantly 


greater  percentage  of  labeled  synapses  in  transplants  are 
axosomatic  or  axoaxonic.  The  percentage  of  C(jRP-unla- 
beled  synaptic  terminals  with  axoaxonic  synapses  (Fig.  10c) 
is  also  increased  in  transplants  but  to  a  smaller  extent. 

DISCUSSION 

Few  injured  primary  afferent  fibers  of  adult  mammak 
penetrate  the  dorsal  root  entry  zone  and  regenerate  into  spi¬ 
nal  cord  (Stensaas  et  al.,  79;  Reier  et  al.,  ’83a;  Bignami  et  al.. 
’84;  Reier  et  al.,  ’89).  Upon  reaching  the  PNS-CNS  inter¬ 
face,  most  either  are  reflected  back  toward  the  DRG  or  form 
enlarged  blind  endings  on  astrocytes  and  ceaae  growth 
(Reier  et  al.,  ’83a,  ’89;  Liuzzi  and  Lasek,  *87).  Fetal  spinal 
cord  provides  an  environment  that  either  supports  or  en¬ 
hances  the  regeneration  of  mature  DRG  axons,  since  tran¬ 
sected  dorsal  root  axons  of  adult  rats  r^ow  for  several 
millimeters  into  transplants  (Tessler  et  al.,  ’88).  The  major 
finding  of  the  present  study  k  that  adult  DRG  axons  not 
only  regenerate  into  the  transplants  but  also  form  synapses 
on  neurons  within  the  transpUmts. 

Synapses  in  fetal  spinal  cord  transplants  have  been 
reported  previously  (Reier  et  al.,  ’83b,  ’85,  ’86;  Inoue  et  al., 
'88;  Jakeman  et  al.,  ’89).  Since  tihe  source  of  these  synapees 
was  not  determined,  it  k  not  known  if  they  result^  from 
regeneration  of  host  axons  or  from  neurons  intrinsic  to  the 
transplant.  In  the  present  study  we  used  two  different  label¬ 
ing  methods  to  identify  the  synapses  establkhed  by  DRG 
axons  regenerated  into  transplants.  Injury  filling  with 
WGA-HRP  presumably  labek  some  of  each  of  the  subpopu¬ 
lations  of  DRG  axons  that  compose  the  DRG  (Beattie  et  al., 
78;  Tessler  et  al.,  ’88).  CGRP-labeling  shows  a  subset  of 
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Fig.  9.  CGRP-inimunoreactive  tenniiuii  forming  axodendritic  (a)  and  axoaomatic  <b)  aynapaea  within 
the  transpiaiks.  Bar  -  1  «m.  a:  Preaynaptic  terminal  containing  CGRP-Ubeled  dense-cored  veaiclea  makes 
asymmetric  synaptic  contacts  (arrows)  on  dendrites  containing  vesicles  (D).  b:  CGRP-immunoreactive  pre- 
synaptic  endings  make  contacts  (arrows)  upon  perikaryon  (P). 


DRG  axons.  In  normal  dorsal  horn  CGRP  originates  exclu- 
■sively  from  DRG  neurons  (Gibson  et  al.,  '84;  Chung  et  al.. 
’88),  where  it  is  principally  associated  with  small  neurons 
that  give  rise  to  A  delta  and  C  fibers  (Cervero  and  Iggo,  '80; 
Gibson  et  al.,  ‘84).  As  in  normal  spinal  cord,  CGRP  in  trans¬ 
plants  is  also  derived  from  regenerated  dorsal  roots  (Tessler 
et  al.,  ’88)  and  therefore  from  a  subclass  of  unmyelinated  (C) 
and  finely  myelinated  (A  delta)  DRG  axons. 

Comparison  of  transplant  neuropil  with 
neuropil  of  lamina  I 

We  selected  lamina  1  of  normal  spinal  cord  for  compari¬ 
son  with  transplants  because  both  i)  receive  input  from  dor¬ 
sal  roots;  ii)  contain  finely  myelinated  and  unmyelinated 
DRG  axons;  and  iii)  receive  dense  innervation  by  CGRP- 
immunoreactive  dorsal  roots.  It  must  be  recognized  that, 
despite  these  similarities,  the  two  regions  canr.ot  be  consid¬ 
ered  entirely  equivalent.  Differences  between  transplants 
and  lamina  I  may  therefore  reflect  either  unique  features  of 
the  transplants  or  an  organization  characteristic  of  areas  of 
spinal  cord  other  than  lamina  I.  Therefore,  without  a  stereo- 
logical  analysis  of  all  laminae  of  the  spinal  cord,  which  is 
beyond  the  scope  of  this  study,  differences  between  lamina  I 
and  transplants  must  be  interpreted  with  caution.  However. 


the  major  goal  of  our  comparison  of  the  two  areas  was  to 
indicate  the  extent  to  which  synapses  and  neuropil  of  the 
transplants  can  achieve  an  organization  similar  to  that  of  a 
region  of  normal  spinal  cord  in  which  DRG  axons  normally 
terminate.  Thus,  similarities  between  the  transplant  and 
lamina  I  are  significant  in  their  implications  for  the  thera¬ 
peutic  promise  of  the  transplant  technique  and  are  not  sub¬ 
ject  to  the  difficulties  inherent  in  interpreting  differences 
between  the  two  areas.  In  our  discussion  we  therefore  focus 
on  the  similarities  between  the  transplants  and  lamina  I. 

Except  for  the  presence  of  differentiated  regions  that 
resemble  substantia  gelatinosa  (Reier  et  al.,  ’83b.  ’85,  ’86; 
Jakeman  et  al.,  ’89),  the  lamination  patterns  of  spinal  cord 
transplants  are  not  apparent  and  their  overall  structure 
does  not  resemble  that  of  normal  spinal  cord  (Reier  et  al.. 
’86).  Similarities  between  the  neuropil  of  transplants  and 
normal  spinal  cord  have  been  reported  (Inoue  et  al.,  ’88), 
however,  and  the  present  quantitative  analysis  extends 
these  observations.  The  area  fractions  occupied  by  peri- 
karya  and  dendrites  and  by  myelinated  axons  are  the  same 
in  transplants  and  lamina  I.  The  area  fractions  occupied  by 
astrocytes  within  transplants  and  lamina  1  also  does  not  dif¬ 
fer.  Although  the  donor  spinal  cord  is  isolated  from  affer- 
ents  at  the  time  of  grafting,  the  interior  of  the  transplant  is 
thus  not  gliotic  This  lack  of  gliosis  contrasts  with  the 
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appearance  of  the  denervated  neuropil  of  lamina  II  of  the 
adult  dorsal  horn,  which  remains  permanently  gliotic  after 
dorsal  rhizotomy  (Murray  and  Goidberger,  ’86). 

A  continuous  layer  of  astroglial  cytoplasm  forms  at  the 
dorsal  root-transplant  interface,  where  the  area  fraction 
occupied  by  glia  is  increased  by  approximately  300%  over 
that  in  normal  spinal  cord.  Glial  scars  have  been  reported  at 
the  interface  between  transplant  and  host  both  in  the  spinal 
cord  (Reier  et  ai.,  ’85,  ’86;  Houle  and  Reier,  ’88)  and  else¬ 
where  in  the  CNS  (Krilger  et  al.,  ’86).  If  reactive  astrocytes 
can  inhibit  the  regeneration  of  DRG  axons  at  the  PNS-CNS 
transition  zone  (Reier  et  al.,  ’83a,  '89;  Liuzzi  and  Lasek,  ’87), 
then  these  observations  suggest  that  primary  afferent  fibers 
grow  into  the  grafts  prior  to  the  formation  of  the  astroglial 
barrier  at  the  iunction. 

Since  the  analogy  between  transplants  and  lamina  I  is 
only  approximate,  it  is  not  surprising  that  the  stereological 
analysis  also  demonstrates  differences  betwMn  the  compo¬ 
sition  of  the  2  regions.  The  area  fraction  occu^ed  by  unmy¬ 
elinated  axons  is  significantly  smaller  in  transplwts  and 
that  occupied  by  axon  terminals  is  significantly  larger.  In 
part  these  differences  are  due  to  the  significantly  larger  size 
of  terminals  in  transplants.  Other  mechanisms  may  also 
contribute.  For  example,  reactive  synaptogenesis  in  trans¬ 
plants  could  increase  the  area  fraction  occupied  by 
terminals  (Goidberger  and  Murray,  *78,  ’88;  Murray  and 
Goidberger,  ’86);  less  branching  by  unmyelinated  axons  in 
transplants  compared  with  lamitia  I  would  reduce  the  area 
fraction  occupied  by  unmyelinated  axons  in  transplants. 

Comparison  of  regenerated  dorsal  roots  in 
transplants  with  dorsal  roots  in  lamina  I 

Our  observation  that  regenerated  dorsal  root  axons  form 
synapses  within  transplant&ailows  us  to  compare  the  axons 
and  axon  terminals  derived  from  a  particular  group  of  neu¬ 
rons  in  transplants  and  normal  spinal  cord.  The  stereologi¬ 
cal  analysis  indicates  that  the  area  fraction  occupied  by 
CGRP-labeled  unmyelinated  axons  in  transplants  is  compa¬ 
rable  to  that  observed  in  lamina  I.  However,  the  area  frac¬ 
tion  occupied  by  CGRP-labeled  myelinated  axons  in  trans¬ 
plants  is  decreased  by  approximately  80%.  Because  the 
average  diameter  of  CGRP-labeled  myelinated  axons  in 
transplants  and  normal  lamina  1  is  virtually  the  same,  this 
result  indicates  either  that  few  if  any  myelinated  axons  of 
DRG  neuron  origin  regenerate  into  transplants  or  that  few 
CGRP-immunoreactive  axons  in  transplants  become  my¬ 
elinated. 

The  ultrastructure  of  CGRP-immunoreactive  synaptic 
terminals  in  transplants  suggests  that  A  delta  fibers  regen¬ 
erate  but  remain  unmyelinated.  In  the  superficial  dorsal 
horn  of  normal  rats,  the  terminals  of  at  least  some  C  and  A 
delta  fibers  are  found  as  the  central  terminals  of  synaptic 
glomeruli.  The  ultrastructural  features  and  location  of  these 
central  terminals  allow  them  to  be  distinguished,  and  they 
have  been  classified  as  either  dark  indented  Cl  terminals  or 


Fig.  10.  CGRP-immunoreactive  terminals  forming  axoaxonic 
synapses  within  the  transplants.  Bar  -  1  «im.  a:  CGRP-labeled  pre- 
■ynsptic  terminal  synapses  srith  tsro  different  postaynaptic  elmnenta 
(arrosrs).  One  is  a  typical  dendrite  (D);  the  other  resemUes  an  axon  ter¬ 
minal  (A),  because  it  contains  dense-cored  vesicles  whicb  are  imrruno- 
reactive  for  CGRP.  b;  CGRP-labeled  presynaptic  terminal  synapses  (ar¬ 
row)  with  CGRP-labeled  axon  (A),  e:  CGRP -unlabeled  axon  (* )  makes  a 
synaptic  contact  (arrow)  on  a  CGRP-labeled  axon  (A). 
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light  rounder  Cll.terminals  (Ribeiro-da-Silva  and  Coimbra, 
’82;  Ribeiro-da-Silva  et  al.,  ’85).  Cl  terminala  are  thought  to 
derive  from  unmyelinated  filers  and  CII  terminal  from 
myelinated  fibers  (Nagy  and  Hunt,  ’81;  Ribeiro-da-Silva 
and  Coimbra,  ’82;  Ribeiro-da-Silva  et  al.,  ’85).  The  majority 
of  CGRP-iramunoreactive  complex  terminals  that  we  found 
in  both  transplants  and  lamina  I  resemble  CII  terminals  and 
are  likely  to  originate  from  A  delta  dorsal  root  fibers.  Our 
observation  of  numerous  labeled  complex  terminals  in 
transplants  therefore  suggests  that  A  delta  axons  grow  into 
transplants  but  that  remyelination  of  the  regenerated  ax¬ 
ons,  if  it  occurs,  takes  longer  than  the  1-8  month  period  that 
we  studied.  Remyelination  of  regenerated  nerves  also  fol¬ 
lows  a  protracted  time  course  in  other  systems  (Murray, 
’76). 

Most  terminals  formed  by  CGRP-containing  DRG  axons 
in  transplants  resemble  those  in  lamina  I  morphologically, 
and  approximately  75%  in  the  two  locations  contain  both 
spherical  and  dense-cored  vesicles.  The  normal  proportions 
of  simple  and  complex  terminals  are  retained  in  transplants, 
and  the  MSI  (Raisman,  *69;  Matthews  et  aL,  76;  Hoff  et  al., 
’82;  Steward  and  Vinsant,  ’83)  is  also  unchang^.  In  addi¬ 
tion,  we  observed  that  in  both  transplants  and  normal  spinal 
cord,  25%  of  CGRP-labeled  terminals  are  complex.  The 
morphometric  analysis,  however,  shows  that  terminals  im- 
munoreactive  for  CGRP,  li'ii.e  unlabeled  terminals,  occupy  a 
significantly  larger  percentage  of  the  area  of  transplants 
than  of  lamina  I  and  that  this  increase  is  attributable  at 
least  in  part  to  a  significant  increase  in  several  parameters  of 
terminal  size,  including  area,  perimeter,  and  longest  axis. 
The  enlarged  terminals  occur  throughout  the  transplants 
and  bear  specializations  indicative  of  synapses.  They  there¬ 
fore  differ  from  the  dilated  processes  that  have  been 
reported  to  end  blindly  in  the  dorsal  root  transitional  zone 
during  the  early  stages  of  regeneration  of  dorsal  root  axons 
(reviewed  in  Reier  et  al.,  '8^,  ’89).  Their  presence  in  trans¬ 
plants  thus  represents  a  successful  completion  of  growth 
rather  than  a  growth  failure.  Some  of  the  synapses  formed  in 
the  superior  colliculus  by  retinal  ganglion  axons  that  have 
regenerated  through  peripheral  nerve  bridges  are  also  larger 
than  the  normal  retinofugal  synapses  that  they  otherwise 
resemble  (Carter  et  al.,  ’88;  Bray  and  Aguayo,  ’89). 

The  average  length  of  the  synaptic  contacts  of  profiles 
labeled  for  CGRP  is  also  significantly  larger  in  transplants 
than  in  lamina  I.  In  other  areas  of  the  CNS,  the  length  of 
residual  synaptic  contacts  has  been  observed  to  increase  fol¬ 
lowing  partial  denervation,  and  it  is  thought  to  provide  a 
mechanism  by  which  the  efficacy  of  the  remaining  synapses 
is  enhanced  (reviewed  in  Hillman  and  Chen,  ’85).  The 
increased  length  of  synaptic  contacts  formed  by  CGRP-con¬ 
taining  primary  afferent  axons  in  transplants  may  therefore 
be  a  response  that  permits  the  regenerating  axons  to  com¬ 
pensate  physiologically  for  the  decreased  density  of  synap¬ 
tic  inputs  that  we  also  observed  in  transplants.  Decreased 
synaptic  density  and  increased  length  of  some  types  of 
residual  synaptic  contacts  have  previously  been  reported  in 
the  dentate  molecular  layer  of  hippocampal  transplants 
(Sdrensen  and  Zimmer,  ’88). 

In  transplants  the  majority  of  both  CGRP-containing  and 
unlabeled  terminals  establish  asymmetric  s)maptic  contacts 
(type  I,  Gray,  ’59)  on  dendrites  and  therefore  resemble 
synapses  in  lamina  I,  approximately  95%  of  which  are  axo¬ 
dendritic.  In  both  transplants  and  lamina  I,  these  dendrites 
may  contain  vesicles.  The  presence  of  such  vesicles  in  a  post- 
synaptic  structure  made  it  difficult  to  distinguish  axoden¬ 


dritic  synapses  from  the  axoaxonic  synapses  that  have  been 
identified  in  a  number  of  different  areas  of  the  CNS  (re¬ 
viewed  in  Peters  et  al.,  76).  In  most  axoaxonic  synapses,  the 
postsynaptic  terminal  also  establishes  a  contact  with  a  den¬ 
drite  or  cell  body  and  its  synaptic  vesicles  are  closely  asso¬ 
ciated  with  the  second  synaptic  interface  on  dendrite  or 
perikaryon  rather  than  with  the  axoaxonic  interface.  We  did 
not  observe  such  a  second  synaptic  complex  on  dendrite  or 
cell  body  in  transplants  or  in  lamina  I,  and  we  classified  a 
synapse  as  axoaxonic  only  if  the  postsynaptic  profile  was 
immunoreactive  for  CGRP.  Although  this  method  of  identi¬ 
fication  is  likely  to  cause  an  underestimation  of  the  number 
of  axoaxonic  synapses,  the  number  formed  by  CGRP- 
labeled  terminals  in  transplants  is  significantly  greater  than 
we  found  in  lamina  I  or  than  has  been  reported  in  other 
areas  of  normal  dorsal  horn  (Murray  and  Goldberger,  ’86). 

Our  analysis  also  shows  that  at  least  some  axoaxonic 
synapses  represent  regenerated  dorsal  root  terminals  form¬ 
ing  synapses  with  each  other.  This  is  clearly  so  when  both 
synaptic  profiles  a'-e  immunoreactive  for  CGRP.  Because 
CGRP  is  present  it.  only  about  50%  of  DRG  neurons  (Gib¬ 
son  et  al.,  ’84),  however,  we  can  expect  many  pre-  and  post- 
synaptic  profiles  in  axoaxonic  synapses  to  be  unlabeled  even 
though  they  originate  in  the  dorsal  roots.  Markers  specific 
for  additional  subsets  of  DRG  axons  (Dodd  and  Jessell,  ’85) 
would  presumably  show  more  primary  afferent  axons  estab¬ 
lishing  axoaxonic  synapses  with  each  other. 

Several  different  mechanisms  could  account  for  the 
greater  than  normal  numbers  of  axosomatic  and  axoaxonic 
synapses  established  in  transplants:  i)  regenerating  adult 
dorsal  root  axons  may  differ  from  growing  axons  in  their 
ability  to  detect  or  respond  to  the  cues  directing  synapse 
formation  in  developing  spinal  cord;  ii)  the  cues  provided  by 
target  neurons  in  transplants  may  differ  from  those  pro¬ 
vided  by  neurons  in  the  developing  dorsal  horn;  or  iii)  the 
coordinated  timing  between  doi^  root  ingrowth  and  spinal 
cord  maturation  essential  to  correct,  synaptogenesis  during 
development  may  be  disordered.  The  growth  of  regenerat¬ 
ing  dorsal  root  axons  into  transplants  is  delayed  compared 
with  growth  during  normal  development,  since  we  have 
found  few  CGRP-immunoreactive  axons  in  transplants 
within  7  days  after  transplantation  of  E  14  spinal  cord  (un¬ 
published  observations).  During  normal  development,  A 
delta  and  C  fibers  reach  the  L  4/5  dorsal  horn  at  E  19 
(Smith,  ’83;  Fitzgerald,  ’87;  Smith  and  Frank,  ’88)  and  form 
synapses  whose  density  in  laminae  I  and  II  has  been  esti¬ 
mated  by  light  microscopic  methods  to  be  complete  by  birth 
(Fitzgerald,  ’87),  although  not  fully  functional  before  the 
second  postnatal  week  (Fitzgerald  and  Gibson,  ’84).  In  spite 
of  delayed  ingrowth,  most  regenerating  DRG  axons  form 
synapses  in  transplants  that  are  similar  to  those  formed  in 
normal  spinal  cord.  Some  of  the  signals  that  direct  synapto¬ 
genesis  during  development  therefore  appear  to  be  present 
during  regeneration. 

'The  similarities  between  spinal  cord  transplants  and  nor¬ 
mal  spinal  cord  demonstrated  by  the  present  study  encour¬ 
age  the  hope  that  transplants  can  contribute  to  at  least 
partial  restoration  of  damaged  neuronal  circuits.  The  physi¬ 
ological  consequences  of  such  a  restoration  of  anatomical 
circuitry  await  future  study. 
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ABSTRACT 

Cut  dorsal  root  axons  regenerate  into  transplants  of  embiyonic  spinal  cord  and  form 
synapses  that  resemble  those  found  in  the  dorsal  horn  of  normal  spinal  cord.  One  aim  of  the 
present  study  was  to  determine  whether  these  axona  also  regenerate  into  and  establish 
synapaes  wit^  transplants  of  embryonic  brain.  A  second  aim  was  to  compare  the  patterns  of 
growth  in  embryonic  brain  and  spinal  cord  transplants. 

Embryonic  spinal  cord  or  brain  was  transplanted  into  the  lumbar  eidargement  of  adult 
Sprague-Eiawley  rats,  the  L4  or  LS  dorsal  root  was  cut,  and  the  cut  root  was  juxtaposed  to  the 
transplant.  The  transplants  included  whole  ptecea  or  dissociated  cell  suspensions  of  embryonic 
day  14  (E14)  spinal  cord,  or  whole  pieces  of  E14  neocortex.  E18  occipital  cortex,  E15  cerebellum, 
or  E16  hippocampus.  One  month  later  the  regenerated  dorsal  root  axona  were  labeled  by 
immunocjt^emical  methods  to  ^monstrate  calcitonin  geno'relatad  peptide  (CGRP). 

CGRP-immunoreaetive  axons  regenerated  into  all  the  transplants  examined  and  formed 
synapses  in  the  neocortex  and  cerebellum  tran^ilants  in  which  they  were  soui^t.  Synapses 
were  far  rarer  in  neocortex  and  cerebellum  than  we  had  observed  previously  in  transplanted 
spinal  cord,  and  the  patterns  of  growth  differed  in  transplants  of  spinal  cord  and  brain.  In  solid 
traruplanu  of  spinal  cord,  regenerated  axons  remained  relatively  close  to  the  interfoce  with  the 
dorsal  root,  braced,  and  formed  bundles.  Areas  of  dense  ingrowth  were  separated  by  regiotu 
with  few  labeled  axons.  In  transplants  of  brain  regkma,  the  regenerated  axoru  were  few, 
unbranched,  and  appeared  as  individual  fibers  rather  than  in  bundlM,  Init  they  were  distributed 
widely  in  neocortex  transplants.  The  results  of  quantitative  studies  confirmed  these  observa¬ 
tions.  The  area  firaction  occupied  by  regenerated  axons  in  solid  spinal  cord  transplants  was 
significantly  larger  than  in  oc^tal  cortex  or  cerebellum  transplants.  Distribution  hiMo^ams 
of  the  area  occupied  in  transplants  demonstrated  that  regenerated  axons  were  distr^ted 
sparsely  but  homogenaoualy  in  transplants  of  brain,  wherw  spinal  cord  transplants  woe 
hetarogenaous  for  regenerated  axons  a^  contained  areas  in  which  growth  was  dmse  or  qiarse. 
In  contrast,  several  maasurements  of  axon  distribution,  indttding  area,  longest  axis,  and  Imgth 
of  lateral  extension,  indicated  that  CGRP-labeled  axons  spread  more  wids^  in  occipital  cortex 
transplants  than  in  solid  transplants  of  spinal  cord  or  cerebellum. 

The  results  indicate  that  embryonic  CNS  tissues  that  are  not  normal  targets  support  or 
enhance  the  growth  of  severed  dor^  roots  and  suggest  that  the  conditions  t^  constitute  a 
permissive  enviratunent  for  regenerating  axons  are  rriatively  nonqiedfic.  Embryonk  spinal 
cord,  the  normal  target  of  dor^  roots,  appears  to  supply  additional,  mote  spsdfie  cuss  that 
enable  regenerating  axons  to  grow  and  arborise  within  the  transplant  and  to  establish  relatively 
normal  numbwe  of  synapess.  These  cues  appear  to  depend  at  least  in  part  on  the  integri^  of 
transplant  structure,  since  growth  into  solid  transplants  of  spinal  cord  exceeds  growth  mto  cdl 
suspensions. 
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CGRPinummoiytochieani^^ 

One  month  after  transplantation  the  rats  were  deeply 
anesthetized  with  sodium  pentobarbital  (50  m^kg,  i.p.)  and 
perfused  transcardially  with  normal  saline  foUowed  by  4% 
paraformaldehyde  in  0.1  M  phosphate  buffer  pH  7.4.  Spinal 
segments  containing  transplants  were  removed,  sectioned 
in  the  sagittal  plane  on  a  cryostat  ( 10  ^m),  and  mounted  on 
subbed  slides.  To  identify  regenerated  axons,  every  fifth 
section  was  processed  for  CGRP  immunocytochemistry 
according  to  the  avidin-biotin  method  of  Hsu  et  al,  (’81). 
Sections  were  reacted  with  primary  antiserum  against 
CGRP  (Peiunsula  Laboratories,  Belmont,  CA)  at  1:8,000 
dilution,  and  then  immersed  in  biotinylated  goat  antirabbit 
IgG  and  avidin-biotinylated  horseradish  peroxidase  com¬ 
plex  ( Vectastain  ABC  Idt,  Vector  Laboratories.  Burlingame. 
CA)  as  specified  by  the  manufacturer.  The  chromagen  was 
S.S'-diaminoben^idine  (DAB).  The  characteristics  of  the 
primary  antisera  against  CGRP  and  controls  for  specificity 
of  staining  have  bmn  described  previously  (Tessier  et  al., 
’88). 

To  evaluate  transplant  morphology  and  the  dorsal  root- 
transplant  and  transplant-host  spinal  cord  interfaces,  addi¬ 
tional  sections  were  stained  with  chromoxane  cyanine  R  for 
myelin  and  counterstained  with  cresyl  violet  (Clark,  ‘81). 
To  determine  the  localization  of  regrowing  axons  within  the 
transplants,  selected  sections  were  stained  with  CGRP 
immunocytochemistry  and  counterstained  with  cresyl  vio¬ 
let. 

To  determine  whether  regenerated  dorsal  root  axons 
formed  synapses  with  neurons  in  brain  transplants,  occipi¬ 
tal  pole  transplants  of  E14  neocortex  (n  »  2)  and  E15 
cerebellum  transplants  (n  *  3)  were  prepared  for  electron 
microscopic  analysis.  Immunocytochemicsd  procedures  were 
identical  to  those  that  we  used  previously  to  study  E14 
spinal  cord  transplants  (Itoh  and  Tessier,  ’90)  except  that 
in  the  present  analysis  we  substituted  the  ABC  procedure 
for  the  peroxidase-antiperoxidase  method.  One  month  post- 
operatively  the  rats  were  deeply  anesthetized  with  so^um 
pentobarbital  and  perfused  with  500  ml  of  a  fixative 
containing  3%  glutaxaldehyde,  3%  paraformaldehyde,  and 
0.1%  picric  acid  in  0.1  M  cacodylate  buffer  at  pH  7.4. 
Segments  10  mm  long  that  contained  transplants  were 
immediately  removed.  Sections  were  cut  with  a  Vibratome 
in  the  sagittal  plane  at  50  pm  and  treated  with  1%  sodium 
borohydride  in  phosphate-buffered  saline  (Kosaka  et  al.. 
’86).  After  overnight  incubation  in  anti-CGRP  antiserum  at 
1:16,000  dilution,  the  sections  were  processed  for  the  ABC 
procedure  by  using  DAB  as  chromagen.  The  sections  were 
then  osmicated  (Ruda  et  al.,  ’86),  stained  en  bloc  in  1% 
aqueous  uranyl  acetate,  dehydrated,  and  flat-embedded  in 
Epon-Araldite  mixture.  Ultrathin  sections  were  cut  from 
regions  within  1  mm  of  the  dorsal  root-transplant  interface 
that  contained  CG^-labeled  axons,  placed  on  thin-meshed 
200  grids,  and  examined  in  a  JEOL  lOOS  electron  micro¬ 
scope. 

Quantitative  analysis 

The  extent  to  which  CGRP-labeled  axons  regenerated 
into  transplants  was  measured  for  whole  pieces  of  E14 
spinal  cord  (N  >=  5),  E18  occipital  cortex  (N  »  5),  and  E15 
cerebellum  (N  ^  5),  and  for  dissociated  cell  suspensions  of 
E14  spinal  cord  (N  =  5).  In  these  transplants  regenerated 
axons  entering  directly  from  the  cut  dorsal  roots  could  be 
distinguished  with  certainty  from  dorsal  root  collaterals 


that  entered  the  transplants  after  ascending  or  descending 
in  the  host  spinal  cord  (Houle  and  Reier,  '89;  Traub  et  al , 
’89);  staining  deriving  from  the  two  sources  was  separated 
by  an  area  in  which  CGRP  immunoreactivity  was  scanty  or 
absent.  E14  neocortex  transplants  were  not  analyzed  quan 
titatively  because  the  two  types  of  regenerated  dorsal  root 
axons  occasionally  intermingled. 

To  determine  the  extent  of  CGRP-immunoreactive  axon 
regeneration  within  each  transplant,  we  used  a  point- 
counting  stereological  analysis  carried  out  with  a  Bioquant 
System  IV  (R  &  M  Biometrics,  Inc.,  Nashville,  TN)  to 
measure  the  area  occupied  by  labeled  axons.  For  the 
stereological  evaluation,  sagittal  sections  that  contained 
CGRP-immunoreactive  axons  were  examined  under  a  light 
microscope  (x40)  and  projected  onto  a  video  monitor  at  a 
final  magnification  x  1,086.  An  180  mm  x  180  mm  sam¬ 
pling  lattice  (2.62  x  10*  um')  composed  of  10-mm  squares 
was  superimposed  over  the  video  monitor,  and  the  number 
of  times  that  CGRP-labeled  axons  intersected  the  comers  of 
the  grid  squares  was  counted.  Five  consecutive  sections  at 
ten  section  intervals  were  examined  per  transplant,  with 
the  third  of  these  five  sections  containing  the  most  abun¬ 
dant  CGRP  immunoreactivity  in  that  transplant.  The  area 
occupied  by  labeled  axons  in  each  individual  sampling 
lattice  (2.62  x  10*  um*)  was  also  calculated,  and  a  distribu¬ 
tion  histogram  was  made  from  these  data  to  show  regional 
variations  within  the  transplant  of  the  area  occupied  by 
these  axons. 

To  determine  the  arborization  of  CGRP-immunoreactive 
axons  within  the  three  dimensions  of  each  transplant,  we 
measured  both  the  distribution  of  labeled  axons  in  the 
sagittal  plane  and  their  lateral  extension.  The  distribution 
of  CGRP-immunoreactive  axons  in  the  sagittal  plane  was 
determined  by  making  composite  montages  that  consisted 
of  all  the  individual  sampling  lattices  examined.  The  long¬ 
est  dimension  of  the  area  of  the  regenerated  axons  was 
measured  by  using  the  Bioquant  System  IV.  The  lateral 
extension  of  CGRP-immunopositive  axons  was  calculated 
by  multiplying  the  number  of  sections  that  contained 
CGRP-labeled  axons  by  the  section  interval  (50  ii.m).  We 
also  estimated  the  overall  volume  of  these  transplants  ( 1 
month  after  transplantation).  Every  tenth  section  cut  in 
the  sagittal  plane  was  stained  with  chromoxane  cyanine  R 
and  cresyl  violet.  ’The  area  of  these  sections  was  measured 
with  the  Bioquant  IV,  and  the  sum  of  the  areas  was 
multiplied  by  the  distance  between  sections  (100  um)-  The 
initial  volume  of  the  transplants  was  determined  by  estimat¬ 
ing  the  volume  contained  in  the  Pasteur  pipette  ( 1  mm 
inside  diameter)  used  to  introduce  the  transplant  into  the 
lesion  cavity. 

Because  the  number  of  dorsal  root  axons  that  were 
juxtaposed  to  the  transplants  might  vary  among  the  recipi¬ 
ents,  we  determined  the  size  of  the  cut  dorsal  root  in  each 
animal.  We  measured  the  length  of  the  contact  between  cut 
dorsal  root  and  transplant  at  the  dorsal  root-transplant 
interface  and  the  diameter  of  the  dorsal  root  750  um  from 
the  interface.  We  also  determined  the  width  of  the  dorsal 
root  that  was  apposed  to  each  transplant  by  multiplying  the 
number  of  sections  that  contained  the  dorsal  root-trans¬ 
plant  apposition  by  the  section  thickness. 

The  significance  of  the  quantitative  comparisons  among 
transplant  groups  was  evaluated  by  one-way  ANOVA.  If 
there  were  significant  (P  <  0.05)  differences  among  the 
types  of  transplants,  each  result  was  corrected  for  multiple 
comparisons  by  using  Duncan’s  Multiple  Range  Test.  Statis- 


REGENERATION  OF  DRG  AXONS  INTO  CNS  TRANSPLANTS 


273 


Key  wwdR  CNS  regenenitioo,  calcitonin  fenO'relatad  paptkia,  inutunoeytoebaniiatiy, 
electron  microecoity 


The  cut  central  processes  of  adult  mammalian  dorsal  root 
ganglion  (DRG)  neurons  r^nerate  within  the  dorsal  root 
but  do  not  penetrate  the  spinal  cord  (Reier  et  al.,  '83a,b,  '89; 
Liuzzi  and  Lasek,  ’87).  When  normal  spinal  cord  is  replaoed 
by  a  transplant  of  embryonic  spinal  cord,  cut  dorsal  root 
axons  cross  the  interface  between  host  dorsal  root  and 
transplant,  grow  within  the  transplant,  and  establish  syn¬ 
apses  that  resemble  those  formed  in  the  normal  dorsal  horn 
(Tessler  et  al.,  '88;  Itoh  and  Tessler,  '90).  The  normal  or 
homotypic  target  of  the  dorsal  roots  therefore  supports  or 
enhances  growth  of  the  cut  axons  and  provides  cues  neces¬ 
sary  for  syirspse  formation. 

It  is  not  known  whether  the  properties  of  the  transplant 
that  enable  regenerating  axons  to  grow  and  establish 
synapses  are  specific  to  the  normal  target,  or  if  they  are 
common  to  embryonic  CNS  tissue.  The  early  outgrowth  of 
developing  axons  is  thought  to  depend  on  signals  such  as 
extracellular  matrix  and  cell-cell  adhesion  molecules  that 
are  expressed  generally  throu^out  the  embryonic  CNS 
(reviewed  in  Jessell,  ’M).  Regenerating  axons  may  have 
more  specific  requirements  for  growth,  however,  b^use 
both  cut  embryonic  DRG  neurites  (Smalheiser  et  al.,  ’81) 
and  cut  young  adult  retinal  ganglion  ceU  axons  (Hai^  et 
al.,  ’87)  grow  only  sparsely  into  inappropriate  or  hetero¬ 
typic  embryonic  targks.  The  signals  that  allow  developing 
axons  to  grow  within  a  tar^t  (Keller  et  al.,  ’89)  and 
establish  synapses  (reviewed  in  Jessell,  ’88)  af^iear  to  be 
more  specific  than  those  that  direct  initial  axon  extension. 
The  requirements  of  adult  regenerating  axons  may  again 
differ  from  those  of  developing  axons,  however,  because  the 
cut  adult  retinal  ganglion  cell  axons  that  have  grovm 
through  a  peripher^  nerve  graft  form  synapses  with  neu¬ 
rons  of  the  adult  cerebellum  (Zwimpfer  et  al.,  ’89). 

The  present  study  investigates  whether  regenerating 
adult  dorsal  root  axons  can  grow  into  and  form  synapses  in 
transplants  of  tissues  that  are  not  their  normal  targMs  and 
whether  the  patterns  of  growth  and  syttapae  formation 
differ  in  homotypic  and  heterotypic  targets.  We  attempt  to 
distinguish  characteristics  of  growth  that  are  target- 
specific  from  those  shared  by  non-target  embryonic  CNS 
tissue,  and  thus  to  begin  to  define  the  contributions  of 
specific  and  nonspecific  mechanisms.  We  use  quantitative 
morphological  methods  to  compare  the  pattern  of  regener¬ 
ated  dorsal  root  axon  growth  and  syn^ise  formation  in 
transplants  of  embryonic  spinal  cord  with  the  patterns 
found  in  inzqjpropriate  targ^  provided  by  transplants  of 


several  different  embryonic  brain  regions.  We  use  immuno- 
cytochemical  methods  for  demonstrating  regenerated  ax¬ 
ons  immunoreactive  for  calcitonin  gene-related  peptide 
(CGRP),  and  study  growth  into  regions  of  brain  that  either 
normally  receive  (hippocampus,  cerebellum)  or  tack  (occipi¬ 
tal  cortex)  CGRP  innervation.  Because  cell  suspensions  as 
well  as  whole  pieces  of  embryonic  spinal  cord  have  been 
used  to  promote  spinal  cord  repair  (Houle  and  Reier,  ’88), 
we  also  examine  the  effects  on  growth  of  disrupting  trans¬ 
plant  structure;  we  compare  the  pattern  of  growth  into 
transplants  of  whole  pieces  of  embryonic  spinal  cord  with 
the  pattern  seen  in  transplants  of  dissociated  spinal  cord. 

MATERIALS  AND  METHODS 

Transplants  from  53  rata  were  studied.  The  transplants 
were  whole  pieces  (n  »  16)  or  dissociated  cell  suspensions 
(n  »  7)  of  embryonic  day  14  (E14)  rat  spinal  cord,  or  whole 
pieces  of  E14  neocortex  (n  «  7),  £18  occipital  cortex 
(n  “  10),  E15  cerebellum  (n  *  9),  or  E18  hippocampus 
(n  =  4).  Table  1  summarizes  the  analyses  performed. 

Surgical  pTOoedures 

Female  adult  (200-350  g)  Sprague-Dawley  rata  received 
transplants.  The  rats  wereanesth^ed  with  an  intraperito- 
neal  iitjection  of  ketamine  hydrochloride  (95  mgdeg),  xyla- 
zine  ( 10  mgOeg),  and  acepromazine  maleate  (0.7  mg/kg),  and 
a  laminectomy  of  the  'T13  or  LI  vertebra  was  performed 
with  a  speed  lirill  (Dremel,  Racine,  WI).  After  the  iefi  '  I  or 
L5  dorsal  root  was  sharply  transacted  close  to  the  uvrsal 
root  entry  zone  and  reflect^  caudally,  a  hemisection  cavity 
3  mm  in  length  or  a  dorsal  funiculotomy  cavity  2  mm  in 
length  was  produced  in  the  lumbar  enlai^ment  by  gentle 
subpial  aspiration.  Segments  of  spiiul  cord  or  brain  were 
dissected  from  embryos  of  the  appropriate  age  and  intro¬ 
duced  into  the  cavity  according  to  procedures  previously 
described  (Reier  et  al.,  ’86).  Dissociated  cell  suspensions  of 
E14  spinal  cord  were  prepared  by  triturating  entire  spinal 
cords  through  a  graded  aeries  of  hypodermk  needles  fol¬ 
lowed  by  centrifugation  (Houle  and  Reim',  ’89).  The  severed 
dorsal  root  stump  was  juxtaposed  to  the  caudal  one-third  of 
the  dorsal  surface  of  the  transplant,  the  resected  vertebral 
arch  was  replaced,  and  the  sup^dal  wound  was  closed  in 
layers.  This  procedure  has  been  described  in  detail  (Reier  et 
al..  '86;  Tessler  et  al.,  '88;  Itoh  and  Tessler,  ’90). 
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tical  significance  of  graft  volume  increase  and  histogram  of 
area  occupied  by  CGRP-kdteled  axons  was  determined  by 
the  Kruskal* Wallis  one-way  ANOVA.  If  significant  differ¬ 
ences  were  present  (P  <  0.05),  individual  posthoc  compari¬ 
sons  were  corrected  Avith  the  Wilcoxon-Mann-Whitney  test 
for  multiple  comparisons.  All  statistical  analyses  were 
performed  by  using  the  Number  Cruncher  Statistical  Sys¬ 
tem  (Dr.  Jerry  L.  Hintze,  Kaysville.  UT). 

RESULTS 

G^ieral 

Spinal  cord  and  brain  transplants  survive  in  the  adult 
host  spinal  cord  and  differentiate  into  patterns  that  are 
characteristic  for  each  CNS  region.  The  patterns  found  in 
our  material  stained  with  chromoxane  cyanine  R  and  cresyl 
violet  are  similar  to  those  previously  described  for  trans¬ 
plants  taken  from  these  regions  (spinal  cord;  Bernstein  et 
al.,  *84;  Reier  et  al.,  '86;  Tessler  et  al.,  ’88;  Jakeman  et  al., 
’89;  Itoh  and  Tessler,  '90;  neocortex:  Jaeger  and  Lund,  ’80; 
Patel  and  Bernstein,  '83;  hippocampus:  Kromer  et  al.,  ’83; 
cerebellum;  Wells  and  McAllister,  ’82;  Kromer  et  al.,  ’83; 
Takayama  et  al.,  ’87).  All  of  these  transplants  contain  the 
neuronal  and  non-neuronal  elements  that  comprise  the 
normal  neuropil  as  well  as  both  myelinated  and  unmyeli¬ 
nated  areas  (Figs.  1-5). 

Transplants  of  solid  pieces  and  dissociated  cell  suspen¬ 
sions  of  spinal  cord  and  neocortex  transplants  lack  the 
overall  architecture  and  the  unequivocal  lamination  pat¬ 
terns  of  neurons  found  in  normal  mature  spinal  cord  and 
neocortex  (Figs.  1-3).  Spinal  cord  transplants,  however, 
contain  regions  that  resemble  substantia  gelatinosa  based 
on  the  presence  of  numerous  small  neurons  and  relative 
paucity  of  myelination  (Fig.  Ic)  (Reier  et  al.,  ’83,  ’85,  '86; 
Jakeman  et  d.,  ’89).  Neocortex  transplants  include  areas  in 
which  cellular  bands  composed  of  small-  or  medium-sized 
neurons  resemble  normal  cortical  layers  (Pig.  3c).  Hippo¬ 
campus  transplants  contain  regions  that  resemble  sub^vi- 
sions  of  the  normal  adult  hippocampus  (Kromer  et  al.,  ’83) 
because  medium-sized  cells  are  organized  into  cell  aggre¬ 
gates  that  are  separated  by  regions  of  neuropil  (Fig.  5b).  In 
most  of  our  hippocampus  transplants  granule  cells  form 
aggregates  at  the  dorsal  root-transplant  interface.  Cerebel¬ 
lum  transplants  most  closely  resemble  the  organization  of 
the  normal  mature  tissue.  All  develop  a  well-organized 
trilaminar  pattern  consisting  of  granule  cell,  Purkii^e  cell, 
and  molecular  layers  (Fig.  4c),  but  the  polarity  of  the 
normal  trilaminar  pattern  is  reversed.  Purkii\je  ceUs  are 
occasionally  found  in  the  molecular  layer  of  transplants, 
and  lobulations  consisting  of  internal  and  external  granule 
cell  layers  surrounding  a  Purkinje  cell  layer  are  frequent. 

Transplants  are  generally  weU-integrated  with  host  spi¬ 
nal  cord  and  host  dorsal  root  (Figs,  la,  2a.  38,b,  4a,b,  5a). 
The  interface  between  the  regenerated  host  dorsal  root  and 
transplant,  however,  is  readily  recognized  by  the  clear 
contrast  in  cell  density  between  the  numerous  closely 
packed  glial  cells  found  in  the  nerve  roots  and  the  more 
loosely  cellular  transplants. 

Transplants  of  spinal  cord  and  brain  grow  within  the 
adult  host  spinal  cord.  After  1-month  survival  the  volume 
of  solid  tissue  spinal  cord  transplants  increases  by  160% 
over  the  initial  volume,  dissociated  cel)  suspensions  by 
160%,  occipital  cortex  by  200%,  and  cerebellum  by  140%. 
The  increases  shown  by  these  transplants  are  not  signifi¬ 
cantly  different  from  each  other  (Table  1 ). 


CGRPinumiiMxytochemiHtty 

Dorsal  root  axons  immunoreactive  for  CGRP  regenerate 
into  every  transplant  examined  (Figs.  6-11).  Most  of  these 
labeled  axons  can  be  observed  to  course  longitudinally 
within  dorsal  roots  apposed  to  the  transplants  and  then  to 
extend  into  the  grafts.  Regenerated  axons  within  every 
transplant  show  varicosities,  as  do  CGRP-contaimng  dorsal 
root  axons  in  normal  dorsal  horn  (Traub  et  al..  ’89),  but  the 
varicosities  are  more  common  in  spinal  cord  transplants 
than  in  brain  grafts.  CGRP-labeled  axons  show  distinctive 
patterns  of  distribution  within  the  transplants  of  the  four 
different  CNS  regions. 

Spinal  cortL  CGRP-labeled  axons  arborize  extensively 
near  the  surface  of  transplants  of  whole  pieces  of  spind 
cord  and  in  some  portions  the  axons  form  dense  bundles 
(Fig.  6)  (see  also  Tessler  et  al.,  '88;  Itoh  and  Tessler,  ‘90). 
CGRP-immunoreactive  axons  also  grow  extensively  within 
dissociated  cell  suspensions  of  spinal  cord,  but  bundles  of 
CGRP-labeled  axons  are  infrequent  (Fig.  7). 

Cerebral  cortex.  CGRP-immunoreactive  axons  are  dis¬ 
tributed  similarly  in  E14  neocortex  (Fig.  8)  and  E18 
occipital  cortex  (Fig.  9)  transplants.  In  contrast  to  the 
pattern  seen  in  spinal  cord  transplants,  CGRP-labeled 
axons  extend  sparsely  but  diffusely  througd>  the  neocortex 
transplants,  and  individual  axons  but  not  bundles  of  axons 
can  ^  recognized.  Axons  regrowing  into  EI4  neocortex 
directly  from  the  dorsal  root  occasionally  intermingle  with 
ascending  or  descending  primary  afferent  coUater^  axons 
entering  from  host  spin^  cord  (Fig.  8a). 

Cerebellum.  Regenerated  CGRP-labeled  axons  extend 
into  each  of  the  three  layers  found  in  transplants  of  E15 
cerebellum  (Fig.  4).  The  axons  form  relatively  dense  bun¬ 
dles  in  the  granule  cell  and  molecular  layers  (Fig.  10),  but 
few  extend  into  the  Purkii\je  cell  layer,  and  these  occur  as 
individual  fibers  rather  than  in  bundles.  The  arborization 
of  CGRP-labeled  axons  within  cerebellum  grafts  is  dis¬ 
tinctly  poorer  than  in  spinal  cord  and  neocortex  trans¬ 
plants. 

Hippoeampue.  \  small  number  of  CGRP-immunore¬ 
active  axons  extend  widely  within  these  grafts,  where  they 
form  neither  dense  plexuses  nor  bundles  (Fig.  11).  The 
axons  do  not  distribute  to  particular  locations  within  the 
grafts  and  the  limited  extent  of  the  growth  is  similar  to  that 
found  in  cerebellar  implants. 

Quantitative  anaiysis 

The  point-counting  stereological  analysis  shows  the  area 
fraction  of  the  four  types  of  CNS  transplants  that  is 
occupied  by  regenerated  dorsal  root  axons  ladled  for  CGRP 
(Table  2).  In  solid  spinal  cord  transplants  these  axons 
occupy  a  mean  area  of  5.63  x  10*  p-m^.  In  dissociated  cell 
suspensions  of  spinal  cord  the  area  occupied  is  approxi¬ 
mately  71%  of  that  in  solid  grafts  of  spinal  cord,  in  occipital 
cortex  grafts  53%,  and  cerebellar  transplants  18%.  Regener¬ 
ated  CGRP-immunoreactive  axons  therefore  occupy  a  signif¬ 
icantly  larger  area  of  soUd  spinal  cord  grafts  than  of  either 
type  of  brain  graft  or  of  dissociated  cell  suspensions  pre¬ 
pared  from  E 14  spinal  cord. 

Distribution  histograms  of  the  area  occupied  by  labeled 
axons  per  individual  sampling  lattice  (2.6  x  10*  pm’)  show 
further  differences  in  the  pattern  of  growth  in  the  various 
transplants  (Fig.  12).  The  mean  percentage  of  sampling 
lattices  in  which  CGRP-labeled  axons  occupy  less  than 
1,000  pm’  is  nearly  40%  in  solid  spinal  cord  transplants,  but 
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Fig.  6.  CGRP'iaununoreactivB  noiu  in  E14  ipinal  cord  toUd  tiMua  graft*  1  month  aft«r  transmuta¬ 
tion  Sagittal  Motion*,  a:  A  camara  ludda  Urging  *how«  rich  ingrowth  of  CGRP-labalad  axon*  itonrad 
from  ho«t  donal  root  <DB)  in  transplant  (TP).  In  Ragsnaratad  axon*  croM  th*  intmrface  (■now*) 
ho*t  doraal  root  (DR)  and  traiwplant  (TP)  and  form  denM  plexu*  near  the  interface.  Interface  wa»  identic 
in  the  adjacent  Ni**l-»tained  Mction. 


Fig.  7.  CGRP-imiBunorMctiv*  axons  in  E14  spinai  cord  diasodatcd  oatt  auapanaion  graft  1  month  aftar 
tranaplantation.  Sagittal  aectiona.  ms  A  camera  ludda  drawing  tbows  axona  in  heat  doraal  root  (DR>  cmaaing 
the  DR-traiuplant  (TP)  interfaoa  and  diatributing  within  the  tranaplant.  bt  A  more  highlr  magnified 
photograph  of  the  area  outlined  bjr  the  rectangle  in  Figure  7n  thowi  relativciy  danae  plaiuaea  (*)  of 
regenerated  axona. 
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Fig.  8.  CGRP-immunoreactivc  asona  in  E14  neocortex  gnft  I 
month  after  transplantation.  Sagittal  sections.  •:  Primaiy  Cerent 
axons  traverse  dorsal  root  (DR)-transplant  (TP)  interface,  extend  into 
transplant,  and  intermingle  with  CGRP-labeled  descending  axons  in 
host  spinal  cord  (H).  CGRP-immunoresctive  neurons  in  host  anterior 
horn  are  stained  (*).  b:  Higher-magnification  photograph  of  a  region 
near  the  dorsal  root-transplant  interfisoe  shows  that  regenerated  axons 


distribute  difliisely  within  the  transplant  but  do  not  form  dense 
plexuses.  Stained  with  CGRP  immunocytochemiatry  and  cresyl  violet, 
c:  Higher-magnification  photograph  of  a  region  near  the  interface 
between  transplant  and  rostral  host  spinal  cord.  It  cannot  be  deter¬ 
mined  whether  labeled  axons  derive  from  the  dorsal  root  or  from  axons 
descending  from  rostral  host  spinal  cord.  Stained  with  CGRP  immuno- 
cytochemistry  and  cresyl  violet. 


60%  in  dissociated  cell  suspensions  of  spinal  cord,  90%  in 
neocortex  transplants,  and  80%  in  cerebellar  transplants. 
In  addition,  no  sampling  lattices  are  found  in  which  r^n- 
erated  axons  occupy  more  than  4,000  )xm’  in  neooortez  or 
cerebellum  transplants,  whereas  solid  spinal  cord  trans¬ 
plants  contain  sampling  lattices  in  which  regenerated  axons 
occupy  areas  greater  than  8,000  M.m^  The  distribution 
histogram  for  dissociated  <»U  suspensions  of  spinal  cord 
shows  a  pattern  of  growth  intermediate  between  that  of  the 
solid  spinal  cord  transplants  and  that  of  the  occipital  cortex 
or  cerebellum  transplmts.  These  results  confirm  our  quali¬ 
tative  observations  that  the  regenerated  CGRP-labeled 
axons  show  different  patterns  of  growth  within  the  various 
transplants.  Growth  into  spinal  cord  transplants  is  hetero¬ 
geneous;  some  spinal  cord  regions  contain  sparse  growth;  in 


other  regions  growth  is  dense.  Growth  into  occipital  cortex 
and  cer^Uum  transplants  is  relatively  uniform  but  sparse. 

Table  3  shows  the  areas  over  which  regenerated  CGRP- 
labeled  axons  arborize  within  the  four  types  of  transplants. 
The  mean  area  of  CGRF-innervated  regions  within  occipi¬ 
tal  cortex  transplants  is  approximately  three  times  that  in 
solid  spinal  cord  transplants  and  more  than  four  times  that 
in  cerebellum  implants.  The  regenerated  dorsal  root  axons 
therefore  distribute  over  a  significantly  larger  area  in 
occipital  cortex  grafts  than  in  spinal  cord  or  cerebellum 
transplants.  The  longest  dimension  of  each  area  as  well  as 
the  length  of  the  lateral  extension  of  the  labeled  axons  is 
also  significantly  greater  in  occipital  cortex  grafts  than  in 
solid  spinal  cord  or  cerebellum  tnuuqilants  (Table  3).  These 
results  indicate  the  widespread  distribution  of  CGRP- 
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Fig.  9.  CGRP'launuiiorMKtiM  axou  in  EI8  occipital  cortas  graft  I  month  aftar  tranaplantatioa. 
Sagi^  aactiona.  ■:  Camara  lucida  drawing  ahowa  that  reganaratad  aaona  diatributa  aatmiaivaiy  but 
diffiiaaljr  within  tha  tran^dant  (TP),  aimilar  to  the  pattern  obaarrad  in  Eld  neooortai  tranapiaata.  bt 
Labeled  aaona  crom  tha  do^  root  (DR)>tranapiant  (TP)  interfaoe  (arrowa)  and  grow  within  tha  tranaplant 
without  the  formation  of  obvioua  pkauaea. 


labeled  fibers  within  occipital  cortex  transplants.  The  lat¬ 
eral  extension  of  labeled  axons  within  dissociated  cell 
suspensions  of  spinal  cord  is  also  significantly  greater  than 
in  solid  spinal  cord  grafts,  indicating  more  difftue  growth  in 
transplants  of  dissected  cell  suspensions  (Table  3). 


The  contact  length  between  the  cut  dorsal  root  and 
transplant  at  the  dorsal  root-transplant  interface,  the 
diameter  of  the  dorsal  root  750  pim  ftom  the  interfaoe,  and 
the  width  of  the  dorsal  root-transplant  apposition  are  not 
significantly  different  among  the  four  groups  of  transplants 
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10.  CGSP-immunoreactive  axona  in  EIS  cerebellum  graft  1  month  after  implantation.  Sagittal 
section.  Camera  lucida  drawing  shows  diffuse  and  extensive  regeneration  into  molecular  (M)  and  granule 
cell  1G>  layers. 


(Table  4).  We  have  not  counted  CGRP>labeled  dorsal  root 
axons  at  the  time  that  th^  were  severed  and  after  regrowth 
and  therefore  cannot  determine  whether  innervation  of  the 
transplants  is  due  to  sprouting  of  additional  DRG  axons  as 
well  as  regrowth  of  those  that  were  initially  cut.  The 
present  results,  however,  suggest  that  differences  in  the 
numbers  of  dorsal  root  axons  juxtaposed  to  the  transplants 
do  not  account  for  the  differences  in  the  extent  of  regenera¬ 
tion  that  we  have  observed. 

Electixm  micrawafiy 

Regenerated  CGRP-immunoreactive  axons  form  syn¬ 
apses  in  neocortex  (Fig.  13,  iSa)  and  cerebellum  trans¬ 
plants  (Figs.  14,  15b).  Labeled  axons  and  axon  terminals 
are  rare,  however,  because  we  seldom  find  more  than  one  or 
two  labeled  profiles  per  grid  square  even  in  CGRP- 
innervated  regions.  As  in  normal  dorsal  horn  (Caiiton  et  al., 
'88;  McNeill  et  al.,  '88;  Itoh  and  Teasler,  ’90)  and  spinal 
cord  transplants  (Itoh  and  Tessler,  ’90),  CGRP  labeling  is 
largely  associated  with  microtubules  in  axons  and  with  the 
cores  of  dense-cored  vesicles  in  axon  terminals.  Most  CGRP- 
immunoreactive  terminals  contain  two  types  of  synaptic 
vesicles:  a  larger  number  of  small,  clear,  spherical  vesicles 
(mean  50  u,m  in  diameter)  and  a  smaller  number  of  large, 
spherical,  dense-cored  vesicles  (mean  95  pm  in  diameter). 
In  contrast  to  previous  studies  which  used  peroxidase- 
antiperoxidase  methods  (Carlton  et  al.,  ’87,  ’88;  McNeill  et 
al.,  ’88;  Itoh  and  Tessler,  ’90),  we  find  that  the  axolemma 
and  spherical  vesicles  are  rarely  labeled  with  the  ABC 
methM. 

Most  CGRP-labeled  profiles  in  both  cerebral  cortex  and 
cerebellum  transplants  form  compound  structures  consist¬ 
ing  of  two  or  thrM  axon  terminals  rather  than  the  individ- 
u^  profiles  found  in  normal  superficial  dorsal  horn  (Mc¬ 
Neill  et  al.,  '88;  Itoh  and  Tessler,  ’90).  These  results  are 
similar  to  our  previous  observations  of  CGRP-labeled  axons 
in  spinal  cord  transplants  (Itoh  and  Tessler,  ’90).  Most 
CGRP-labeled  synaptic  complexes  in  both  cerebral  cortex 
and  cerebellum  transplants  are  asymmetric  (type  1,  Gray, 


’59),  and  the  postsynaptic  structure  is  a  dendrite  with  or 
without  -esicles.  Most  contact  one  postsynaptic  profile 
(Figs.  13a,  14a,c),  but  some  form  complex  synapses  with 
two  or  more  postsynaptic  profiles  (Figs.  13b,  14b,d).  CGRP- 
labeled  axon  termini  are  not  observed  to  make  axoso- 
matic  synapses  but  do  contact  perikarya  by  puncta  adheren- 
tia  ( Fig.  15a,b).  CGRP-labeled  synaptic  terminals  are  present 
in  the  granule  cell  (Fig.  14a,b)  and  molecular  (Fig.  14c.d) 
layers  of  cerebellum  transplants.  Some  of  the  labeled 
terminals  found  in  the  granule  cell  layers  are  in  clusters 
consisting  of  two  to  three  axon  terminals  connected  by 
puncta  adherentia,  consistent  with  the  light  microscopic 
findings  of  axon  bundles  in  the  granule  cell  layer. 

Table  5  summarizes  the  morphometric  analysis  of  CGRP- 
labeled  synaptic  terminals  found  in  neocortex  and  cerebel¬ 
lum  transplants.  The  aiea,  perimeter,  and  the  longest 
dimension  of  CGRP-labeled  synaptic  terminals  in  neocortex 
transplants  appear  to  be  lar^  than  those  found  in  spinal 
cord  transplants  and  normal  superficial  dorsal  horn  (Itoh 
and  Tessler,  ’90),  but  the  leng^  of  synaptic  contwrt  in 
neocortex  transplants  is  very  sii^ar  to  that  found  in  spinal 
cord  transplants  (Itoh  and  'Tessler,  ’90).  The  percental  of 
the  perimeter  of  CGRP-labeled  synaptic  terminals  covered 
by  astroglia  is  similar  in  transplants  of  neocortex  and 
cerebellum,  but  smaller  than  we  have  observed  in  spinal 
cord  transplants  (Itoh  and  Tessler,  ’90). 


DISCUSSION 

The  principal  findings  of  this  study  are  that,  although  cut 
dorsal  roots  immunoreactive  for  CGRP  regenerate  into 
transplants  of  fetal  brain  and  establish  synapses  there,  the 
distribution  of  the  axons  is  more  homogeneo\u  and  diffuse 
than  in  transplants  of  embryonic  spinal  cord,  and  synapses 
are  far  rarer.  Embryonic  CNS  tissues  therefore  provide  an 
environment  conducive  to  dorsal  root  regeneration,  but  the 
normal  target  provides  additional  more  specific  cues  for 
growth  and  synapse  formation. 


Fig.  11.  CGRP-immuBorMctiv*  nona  ia  E18  hippocampu*  graft  1  month  aftar  traasplantatioii. 
Sagittal  aoctiona.  a:  Camera  lueida  drawing  thowa  primary  ailment  amma  that  have  eroiead  the  hoet  doraal 
root  (DR)-tranaplant  (TP)  interface  and  regenerate  into  the  graft,  be  A  hi^ier-magnifieation  photograph 
of  the  interface  (arrowa)  region  outlined  hr  the  rectangle  in  Figure  11a  ahowa  that  aanna  cruea  from  hoet 
doraal  root  (DR)  into  the  tranc|dattt  (TP)  and  diatribute  without  plexua  formation  within  the  graft. 
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We  used  CGRP  immunoreactivity  to  demonstrate  regen¬ 
erated  dorsal  root  axons  because  at  least  as  many  DRG 
neurons  are  immunoreactive  for  CGRP  as  for  any  other 
marker  described  to  date  (reviewed  in  Kai-Kai,  ’89)  and 
because  we  have  found  it  to  be  a  more  sensitive  indicator  of 
regenerated  axons  than  methods  that  rely  on  axon  trans¬ 
port  or  diRusion  of  HRP  (Tessler  et  al.,  '88).  Approximately 
50%  of  DRG  neurons,  primarily  those  that  are  small-  and 
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Fig.  12.  Oidtribution  histograaui  showing  the  ere*  occupied  by 
CGRP-lebeied  exons  per  individual  sampling  lattice  (2.6  x  10*  pim’)  in 
the  four  typee  of  transplants.  In  brain  trmi^lants  (cortex  and  cerebel¬ 
lum)  the  distribution  of  regenerated  CGRP  axons  is  homogeneous  but 
sparse.  In  contrast,  in  spinal  cord,  the  ingrowth  of  CGRP  axons  is  more 
dense,  but  there  is  greater  heterogeneity  in  their  distribution,  which 
varies  from  <lto  >6x  10’ per  sampling  lattice. 


medium-sized,  are  labeled  for  CGRP,  and  these  are  the 
source  of  a  population  of  the  unmyelinated  and  thinly 
myelinated  axons  that  project  to  the  normal  dorsal  horn 
(Rosenfeld  et  al.,  ’83;  Gibson  et  al.,  ’84).  CGRP  is  also  fouiid 
in  motoneurons  (Gibson  et  al.,  ’84;  Skohtsch  and  Jacobo- 
witz,  ’85),  but  it  appears  distinctly  different.  Regenerated 
axons  are  readily  distinguished  in  spiiud  cord  transplants 
because  CGRP-immunoreactive  perikarya  in  transplants 
are  rare  and  devoid  of  processes  (Tessler  et  al.,  ’88).  In  the 
present  material  we  did  not  find  CGRP-immunoreactive 
perikarya  in  transplants  of  cerebral  cortex,  hippocampus, 
or  cerebellum.  Because  CGRP-immunoreactive  ceil  bodies 
and  processes  are  lacking  in  normal  occipital  cortex  ( Rosene 
and  Van  Hoesen,  ’87),  all  of  the  labeM  axons  present  in 
occipital  cortex  transplants  derive  from  the  DRG.  CGRP- 
immunoreactive  cell  bodies  have  been  reported  in  Purkir\je 
cells  of  the  normal  cerebellum  (Kawai  et  al.,  ’85;  Kubota  et 
al.,  '87;  Kruger  et  al.,  ’88a)  and  in  neurons  of  the  hippocam¬ 
pal  formation  (Skofitsch  and  Jacobowitz,  '85;  Kawai  et  al.. 
’85).  Cerebellar  Purkiiye  cells  did  not  show  detectable 
labeling  with  a  probe  for  CGRP  mRNA  (Rethelyi  et  al.,  '89), 
and  some  of  the  staining  reported  in  large  cerebellar  and 
hippocampal  neurons  may  be  artifactual  (Kruger  et  al., 
’88a.b).  Some  immunoreactive  axons  that  we  observed  in 
transplants  of  cerebellum  and  hippocampus  may  neverthe¬ 
less  derive  from  neurons  intrinsic  to  the  transplants.  Their 
number  must  be  small,  however,  since  we  co^d  generally 
follow  the  course  of  the  regenerated  axons  as  they  passed 
from  the  dorsal  root  into  the  transplant. 

Regenoratiaii  into  emhiyonk 
tranqilanti 

CGRP-immunoreactive  dorsal  roots  r^enerated  into  all 
the  embryonic  brain  regions  that  we  provided  as  targets: 
transplants  of  E14  and  E18  neocortex,  E18  hippocampus. 
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Fig.  14.  Electron  micrographs  from  granule  cell  la  and  b)  and 
molecular  ic  and  d»  layers  of  E15  cerebellum  grafts  1  month  after 
transplantation.  Bars  =  I  iim.  a:  An  example  of  a  terminal  that 
contains  spherical  and  dense  cored  vesicles,  and  makes  an  asymmetric 
contact  larrowsi  upon  a  dendritic  profile  iDi.  b:  An  example  of  a 
complex  terminal  that  contains  strongly  CGRP-immunoreactive  spher¬ 


ical  and  dense  cored  vesicles,  and  makes  two  asymmetric  contacts 
'arrows!  upon  different  dendritic  profiles  iDl  c:  A  presynaptic  terminal 
containing  spherical  vesicles  makes  two  asymmetric  contacts  (arrows! 
upon  different  dendntic  profiles  ID).  d:  A  CGRP-immunoreactive 
presynaptic  terminal  makes  an  asymmetric  symaptic  contact  t  arrow  i 
upon  a  dendritic  profile  (D) 
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Fig.  15.  Electron  micrograpiu  from  E14  neocortez  (a)  and  E15  cerebellum  (b)  grafts  1  month  after 
transplantation.  Bars  >  1  um.  a:  A  CGRP-labeled  azon  terminal  contacts  the  perikaryon  (P)  of  a  cortical 
neuron  by  puncta  adheientia  (arrows),  b:  An  azon  terminal  containing  CGRP-laMed  spherical  and 
denseKored  vesicles  contacts  the  perikaryon  iP)  of  a  granule  cell  by  typical  puncta  adherentia  (arrows  I. 


and  E15  (»rebelluin.  Growth  patterns,  however,  were  not 
the  same.  Like  peripheral  nerve  grafts  (reviewed  in  Aguayo, 
'85),  CNS  tissues  that  are  not  normal  targets  can  still 
support  or  enhance  the  growth  of  severed  axons.  Growth 
may  in  part  be  due  to  the  lack  of  inhibition  (Liuzzi  and 
La^k,  ’87;  Caroni  and  Schwab,  ’88).  Transplants  from  all 
of  these  regions  are  also  likely,  in  addition,  to  provide 
conditions  that  encourage  axon  elongation.  Cell  surface  and 
substrate  molecules  as  well  as  diffusible  chemotropic  fac¬ 
tors  are  among  the  molecules  that  are  known  to  support 
axon  growth  (reviewed  in  Purves  and  Lichtman,  ’85).  It  is 
unlikely  that  inappropriate  targets  taken  from  diverse 
areas  of  brain  repr^uce  precisely  the  conditions  found  in 
the  embryonic  spinal  cord.  Growth  into  inappropriate 
targets  is  therefore  consistent  with  the  concept  that  the 
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early  stages  of  axon  extension  depend  on  molecules  that  are 
expressed  generally  throughout  the  developing  nervous 
system  (reviewed  in  Jessell,  ’88).  It  is  also  consistent  with  in 
vitro  evidence  that  suggests  redundancy  in  the  cues  that 
support  axon  growth  (Bixby  et  al.,  ’88).  CNS  neurons  differ, 
however,  in  the  extent  to  which  they  regenerate  into 
peripheral  nerve  grafts  (Aguayo,  ’85),  and  transplants  differ 
in  the  amount  of  regeneration  that  they  elicit  from  a  single 
population  of  neurons  (Harvey  et  al.,  ’87;  Yoon,  ’79).  Both 
the  growth  requirements  of  severed  axons  and  the  factors 
provided  by  the  substituted  targets  may  differ,  and  the  way 
in  which  cut  axons  grow  in  response  to  a  particular 
transplant  will  depend  on  the  degree  to  which  the  trans¬ 
plant  satisfies  the  requirements  of  these  axons  for  growth. 
The  transplants  that  we  studied  also  differed  in  their 
capacity  to  support  or  stimulate  growth.  Our  qualitative 
observations  indicated  that  growth  into  transplants  of 
occipital  cortex,  where  there  are  normally  no  CGRP  projec¬ 
tions,  exceeded  growth  into  hippocampus,  and  virtually  all 
of  our  quantitative  results  showed  more  extensive  growth 
into  neocortex  than  cerebellum  transplants.  The  transplant 
properties  that  sustain  growth  of  regenerating  dorsal  roots 
are  unknown,  however,  and  therefore  whether  or  not  the 
same  mechanisms  or  combination  of  mechanisms  account 
for  growth  in  the  various  brain  regions  is  also  unknown. 
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Sjiuqjae  formatkm  in  embiycmic  brain 
transplants 

Regenerated  CGRP-immunoreactive  dorsal  root  axons 
established  synapses  in  the  two  occipital  cortex  and  three 
cerebellum  transplants  that  we  examined  ultrastructurally. 
Like  cut  retinal  ganglion  cell  axons  (Zwimpfer  et  al.,  ’89), 
regenerated  DRG  axons  therefore  have  the  capacity  to  form 
synapses  with  neurons  in  inappropriate  targets.  Although 
factors  in  the  target  are  thought  to  determine  most  of  the 
features  of  synapse  morphology  (Campbell  and  Frost,  ’88), 
none  of  the  relatively  few  that  we  encountered  had  the 
unique  appearance  of  mosey  fiber  rosettes  or  basket  cell 
terminals  in  normal  cerebellum.  Most,  in  both  neocortex 
and  cerebellum  transplants,  formed  asymmetric  (Gray’s 
type  I,  ’59)  contacts  with  a  single  dendrite,  and  some 
formed  complex  synapses  with  two  or  more  postsynaptic 
profiles. 

Comparison  with  regeneratioin  and  sfynapse 
formatian  in  sfiiw  cord  trans|daiits 

Except  that  they  were  larger  in  neocortex  transplants 
(see  also  Zimpfer  et  al.,  ’89),  3)mapse8  in  the  inappropriate 
targets  resembled  those  found  in  normal  dorsal  horn  and  in 
transplants  of  E14  spinal  cord  (Itoh  and  Tessler,  ’90). 
Regenerated  CGRP-labeled  axons  formed  fewer  synapses  in 
brain  transplants  than  in  transplants  of  embryonic  spinal 
cord.  We  rarely  found  more  than  1-2  labeled  profiles  per 
grid  square  in  CGRP -innervated  regions  of  brain  trans¬ 
plants,  whereas  the  density  of  labeled  synapses  in  CGRP- 
rich  areas  of  spinal  cord  transplants  (2.22  per  100  pm^)  is 
similar  to  that  of  normal  lamina  I  (Itoh  and  Tessler,  1990). 
If  a  small  percentage  of  cerebellar  neurons  synthesize 
CGRP  (Kawai  et  al.,  ’85;  Kruger  et  al.,  ’88a),  then  some 
labeled  terminals  that  we  observed  in  cerebellum  trans¬ 
plants  may  derive  from  intrinsic  cerebellar  neurons  and 
those  originating  from  dorsal  root  axons  may  be  even  fewer 
than  our  results  suggest. 

The  pattern  and  extent  of  ingrowth  differed  between 
transplants  of  spinal  cord  and  brain.  In  spinal  cord  trans¬ 
plants  regenerated  axons  stayed  relatively  close  to  the  host 
dorsal  root/transplant  interface,  arborized  extensively,  and 
were  often  tanked  together  in  plexuses.  Areas  of  dense 
ingrowth  were  separated  by  regions  in  which  axons  were 
few  and  scattered.  In  transplants  of  brain  regions,  regener¬ 
ated  axons  were  distributed  widely  and  sparsely,  and  grew 
as  individual  axons  rather  than  in  bundles  or  plexuses. 
These  qualitative  morphological  observations  were  con¬ 
firmed  by  the  results  of  our  quantitative  studies.  The  area 
occupied  in  transplants  by  CGRP-immunoreactive  axons 
and  the  density  of  the  regenerated  axons  were  significantly 
greater  in  solid  pieces  of  spinal  cord  than  in  neocortex  or 
cerebellum  transplants.  Distribution  histograms  of  the 
area  occupied  in  transplants  confirmed  that  regenerated 
axons  were  distributed  sparsely  but  homogeneously  in 
transplants  of  brain,  whereas  spinal  cord  transplants  were 
heterogeneous  for  CGRP-labeled  axons  and  contained  areas 
in  which  growth  was  dense  or  sparse.  In  contrast,  several 
measurements  of  the  extent  of  distribution  within  trans¬ 
plants,  including  area,  longest  axis,  and  length  of  lateral 
extension,  indicated  that  CGRP-labeled  axons  spread  more 
widely  in  cerebral  cortex  transplants  than  in  solid  trans¬ 
plants  of  spinal  cord  or  cerebellum. 

Several  explanations  for  these  differences  in  growth  can 
be  excluded  It  is  unlikely,  for  example,  that  the  differences 


are  due  to  the  apposition  of  different  numbers  of  axons  to 
the  brain  and  spina)  cord  transplants.  We  observed  no 
difference  between  brain  and  spin^  cord  transplants  in  the 
width  or  length  of  contact  between  cut  dorsal  root  and 
trsinsplant  and  no  difference  in  the  diameter  of  the  juxta¬ 
posed  dorsal  roots  measured  750  pm  from  the  transplants. 
Differences  in  transplant  size  also  cannot  be  responsible. 
Although  transplants  of  cerebellum  grew  to  a  smaller  size 
than  transplants  of  cerebral  cortex  or  of  spinal  cord,  our 
measurements  of  axon  distribution  were  independent  of 
transplant  size.  We  measured  all  labeled  axons  in  the 
transplants,  and  none  of  these  axons,  even  in  the  smallest 
transplants,  reached  the  margins  of  a  transplant.  We 
cannot  exclude  that  some  difference  in  growth  was  due  to 
differences  in  the  age  or  stage  of  development  at  which  the 
brain  (neocortex,  E14,  E18;  cerebellum,  E15;  hippocampus, 
E18)  and  spinal  cord  (E14)  tissues  were  transplanted. 
Neurons  in  these  regions  are  generated,  mature,  and 
establish  synapses  according  to  unique  developmental  time¬ 
tables  (reviewed  in  Jacobson,  ’78).  At  least  some  systems  of 
afferent  axons  have  invaded  these  tissues  at  or  within  48 
hours  of  the  time  of  transplantation  (Lund  and  Mustari, 
’77;  Loy  and  Moore,  ’79;  Zimmer  and  Haut,  ’78;  Smith,  ’83; 
Mason,  ’86;  Rqjaofetra  et  al.,  *89),  however,  and  neurons 
are  present  that  might  serve  as  targets  for  the  regenerating 
dorsal  roots  (Angevine,  ’65;  Nomes  and  Das,  '74;  Lund  and 
Mustari,  ’77;  Altman  and  Bayer,  ’78).  In  addition,  the 
1-month  survival  time  that  we  studied  would  encompass 
the  period  during  which  all  of  the  neurons  are  bom  and 
synaptogenesis  is  completed  (reviewed  in  Jacobson,  ’78)  if 
the  transplanted  tissues  develop  accordin"  to  the  normal 
timetable  of  brain  and  spinal  cord.  The  availability  of 
targets  and  the  prolonged  survival  might  reasonably  be 
expected  to  compensate  tor  the  several-day  differences  in 
age  at  transplantation. 

Different  patterns  of  ingrowth  and  differences  in  synaptic 
number  imply  that  spinal  cord  and  brain  provide  different 
signals  that  affect  growth  and  target  recognition  within  the 
transplants.  Pathway  selection  and  synapse  formation  are 
likely  to  require  interactions  between  growing  axons  and 
target  structures  that  are  more  selective  than  those  that 
operate  during  the  early  stages  of  axon  extension  (Jessell, 
’88;  Keller  et  al.,  ’89).  Our  observations  that  regenerated 
DRG  axons  grew  more  densely  and  formed  more  abundant 
synapses  within  solid  transplants  of  spinal  cord  than  of 
brain  suggest  the  presence  of  target-specific  cues  for  path¬ 
finding  and  target  recognition  that  are  not  provid^  by 
transplants  of  brain.  These  results  therefore  are  similar  to 
those  of  in  vitro  studies  showing  that  neurites  of  explanted 
embryonic  DRG  axons  grew  and  arborized  more  abun¬ 
dantly  within  co-cultured  explants  of  spinal  cord  them  of 
tectum  (Smalheiaer  et  al.,  ’81).  Because  we  examined 
transplants  only  1  month  after  surgery,  we  do  not  know 
whether  or  not  additional  dorsal  root  axons  invaded  trans¬ 
plants  of  cerebellum  and  cerebral  cortex,  failed  to  establish 
synapses,  and  then  retracted  (Smalheiser  et  al.,  ’81). 

The  differences  between  the  pathfinding  and  target  recog¬ 
nition  cues  provided  by  spinal  cord  transplants  and  brain 
-  '<uisplant8  are  unknown.  We  found  that  regenerated  dor¬ 
sal  root  axons  grew  less  densely  in  ceil  suspensions  of  spinal 
cord  than  in  solid  spinal  cord  transplants.  'This  is  consistent 
with  the  idea  that  growth  and  target  recognition  depend  on 
cell  surface  cues  that  can  be  disrupted  mechanically.  Sur¬ 
face  macromolecules  likely  to  mediate  the  formation  of 
specific  pathways  include  glycoproteins  that  are  expressed 
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transiently  by  discrete  populations  of  neurons  (Dodd  et  al., 
’88).  These  glycoproteins,  such  as  the  limbic  system- 
associated  membrane  protein  (LAMP)  (Levitt,  ’84;  Horton 
and  Levitt,  ’88),  are  thought  to  contribute  to  target  recogni¬ 
tion  rather  than  axon  outgrowth  generally  (Keller  et  al., 
’89).  Subsets  of  DRG  neurons  are  also  distinguished  by  a 
series  of  cell  surface  carbohydrates  (Dodd  and  Jessell,  ’85; 
Chou  et  al..  ’89).  It  has  been  postulated  that  these  mole¬ 
cules  contribute  to  the  orderly  ingrowth  and  selective 
synaptic  connections  that  are  apparent  from  the  time  that 
developing  dorsal  root  axons  first  invade  the  spinal  cord 
(Smith,  '83;  Dodd  and  Jessell,  ’85).  Two  developmentally 
regulated  lectins  that  might  serve  as  receptors  for  these  cell 
surface  carbohydrates  are  synthesized  by  DRG  neurons  and 
are  also  found  in  the  dorsal  horn  (Regan  et  al.,  ’86).  The 
lectins  were  undetected  or  present  at  very  low  levels  in 
areas  of  the  CNS  that  do  not  receive  primaiy  afferent  input, 
including  cerebral  cortex,  hippocampus,  and  cerebellum 
(Regan  et  al.,  ’86).  These  are  the  same  regions  in  which  we 
found  DRG  axon  growth  to  be  relatively  sparse. 

Our  results  suggest  that  embryonic  ti^ues  from  brain  as 
well  as  spintd  cord  provide  the  conditions  under  which  cut 
dorsal  root  axons  can  grow  and  survive.  The  conditions  that 
constitute  a  permissive  environment  for  regenerating  ax¬ 
ons  are  therefore  relatively  nonspecific,  but  brain  regions 
nevertheless  differ  in  the  extent  to  which  they  satisfy  the 
r^uirements  for  growth  of  dorsal  roots:  neocortex  exceeds 
hippocampus  and  cerebellum.  The  results  suggest  that 
spinal  cord  transplants  supply  additional  more  specific  cues 
for  pathfinding  and  target  recognition.  When  provided  with 
these  more  specific  cues,  axons  grow  and  branch  profusely, 
recognize  target  neurons  in  the  transplants,  and  establish 
relatively  normal  numbers  of  synapses.  We  speculate  that 
the  regenerated  axons  have  a  more  limited  distribution  in 
transplants  of  spinal  cord  than  in  neocortex  because  syn¬ 
apse  formation  causes  the  axons  to  cease  growth  (Bernstein 
et  al.,  ’78;  Liuzzi  and  Lasek,  ’87),  perhaps  by  down¬ 
regulating  the  synthesis  or  otherwise  modifying  neuron 
receptors  for  extracellular  matrix  molecules  (reviewed  in 
Tomaselli  and  Reichardt,  ’89).  In  the  absence  of  these  more 
specific  cues  for  growth  within  targets  and  synapse  forma¬ 
tion,  axons  generally  fail  to  estab^h  synapses  and  there¬ 
fore  continue  to  grow.  The  behavioral  consequences  of 
these  different  types  of  intraspinal  transplants  remain  to  be 
explored. 
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ABSTRACT 

Cut  dorsal  root  axons  regenerate  into  intraspinal  transplants  of  fetal  spinal  cord  and 
establish  qmaptic  connections  there.  The  aims  of  the  present  study  were  to  describe  the 
progression  of  dorsal  root  growth  within  the  transplants  and  the  maturation  of  transplant 
morphology  and  to  determine  whether  the  regenerated  dorsal  root  axons  persist  within  the 
traniqiiants  or  eventually  withdraw. 

Embiyonk  (E)  day  14  q>inal  cord  was  grafted  into  the  lumbar  enlargement  of  adult 
Sprague-Dawl^  rats,  and  the  L4  or  L5  dorsal  root  was  cut  and  jtixtapoaed  to  the  tranq>lants. 
lite  morphology  of  the  transplants  was  examined  from  1  day  to  over  1  year  after  surgery,  and 
the  regenerated  dorsal  roots  were  labeled  with  immunohistochemical  methods  to  stu^  the 
subset  that  contains  calcitonin  gene-related  peptide  (CGRP). 

Embryonic  spinal  cord  transplants  surviv^  and  grew  within  the  host  spinal  cord  in  over 
90%  of  the  animals.  Transplant  volume  increased  and  the  morpholt^  of  the  transplants 
matured  over  the  first  12  we^  and  then  did  not  change  for  48-60  weeks.  During  the  first  week 
the  transplants  were  composed  of  dissociated  neurons,  glia,  and  hematogenous  cells  with 
considerable  extracellular  space  between  them.  Subsequently,  the  grafted  neurons  became 
densely  aggr^ted,  and  non-neuronal  elements  sudi  as  inflai^atory  cells  and  myelin  debris 
disanwared.  CGRP-immunoreactive  doraal  roots  began  to  regenerate  into  the  transplants 
within  24  hours,  formed  dense  bundles  by  4  days,  and  were  still  present  at  60  weeks,  the  longest 
survival  period  examined.  Myelination  of  axons  within  transplants  began  at  2  weeks. 
Quantitative  ana^rais  showed  that  the  area  of  the  transplants  occupied  by  CGRP-labeled  axons 
and  the  distribution  area  of  the  labeled  axons  within  the  transplants  increased  until  12  weeks 
and  persisted  unchanged  for  over  48  wedu. 

Theae  results  in^cate  that  regenerated  dorsal  root  axons  are  permanently  maintained 
within  transplants  of  embryonic  q>inal  cord  and  suggest  that  the  transplants  can  contribute  to 
the  permanent  restoration  of  damaged  intraspinal  neural  circuits,  e  1992  wucy-Lin,  lac. 

Key  w«wdK  CNS  regcweratioB,  cmbiyanic  spinal  cord  transplants,  calcitonin  gene-rclaUd  peptide, 
inununoMstoehcmistry 


Cut  central  axons  of  dorsal  root  ganifiion  (DRG)  neurons 
fail  to  regenerate  into  the  mammalian  spinal  cord  (Kimmel 
aiid  Mayer,  '47;  Moyer  and  Nimmel,  '48;  Reier  et  al.,  ’83, 
'86,  '89;  Liuzxi  and  Laaek,  '87;  Reier  and  Houle,  ’88)  if  the 
ipjury  occurs  after  the  first  postnatal  week  (Caristedt  et  al., 
*87).  The  failure  has  been  attributed  to  constraints  imposed 
by  reactive  astrocytes  present  at  the  transitional  zone 
bdween  dorsal  root  and  spinal  cord  (Moyer  et  al.,  ’53; 
Piiulzola  and  Silver,  ’90;  Liuzzi,  ’90).  Given  an  appropriate 
substrate,  such  as  a  transplant  of  embryonic  spind  cord  or 
brain,  ipiured  dorsal  root  axons  regrow  for  distances  of 


several  mm  and  form  syniqiaes  within  the  transplants 
(Tessler  et  al.,  ’88;  Itoh  and  Tessier,  ’90a,b).  These  regener¬ 
ated  axons  can  be  reliably  identified  immunocytochemically 
and  features  of  their  growth  studied  quantitatively  (Itoh 
and  Tessler,  ’90a,b).  Therefore,  the  dorsal  root-fetal  spinal 
cord  system  provides  a  system  in  which  the  mechanisms  by 
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TIME  COURSE  OF  DRG  AXON  REGROWTH  IN  TRANSPLANTS 


which  transplants  promote  or  inhibit  regeneration  of  in- 
traspinal  axons  can  be  examined  and  compared  with  the 
mechanisms  that  act  during  development  or  peripheral 
nerve  regeneration. 

An  important  step  toward  understanding  the  mecha¬ 
nisms  that  affect  regeneration  into  transplants  is  to  deter¬ 
mine  the  time  course  of  dorsal  root  ingroMrth.  This  will 
establish  a  framework  within  which  the  expression  of  the 
molecules  that  affect  regeneration  can  be  studied.  The 
distribution  and  arborization  of  dorsal  root  axons  that  have 
regenerated  into  spinal  cord  transplants  have  been  de¬ 
scribed  after  survivals  of  1  to  9  months  (Tessler  et  al.,  ’88; 
Itoh  and  Tessler,  ’90a,b),  but  the  time  course  of  regenera¬ 
tion  has  not  been  studied.  It  is  unknown,  for  example,  when 
regenerating  axons  first  enter  the  transplants,  or  whether 
the  ingrowth  is  complete  by  3  weeks  after  transplantation 
and  therefore  resembles  the  time  course  of  normal  dorsal 
root  development  (Fitzgerald  and  Gibson,  ’84).  It  is  also 
unknown  whether  the  regenerated  axons  permanently 
innervate  the  transplants  and  therefore  whether  trans¬ 
plants  provide  a  strategy  for  reestablishing  damaged  cir¬ 
cuits  within  the  spinal  cord. 

In  this  study,  we  used  immunohistochemical  methods  to 
label  the  subset  of  regenerated  dorsal  roots  that  contains 
calcitonin  gene-related  peptide  (CGRP).  Most  of  the  nearly 
50%  of  DRG  neurons  that  have  been  reported  to  contain 
CGRP  are  small  dark  neurons  with  slowly  conuucting 
unmyelinated  (C)  or  thinly  myelinated  (A  delta)  axons 
(McClarthy  and  Lawson,  ’90).  Larger  CGRP-containing 
DRG  neurons  with  more  rapidly  conducting  A  alpha/beta 
axons  ha .  e  also  been  observ^  (McCarthy  and  Lawson,  ’90). 
Dorsal  rhizotomy  removes  virtually  all  CGRP-containing 
processes  from  the  dorsal  horn  (Gibson  et  al.,  ’84;  Chung  et 
al.,  ’88),  identifying  DRG  neurons  as  their  source.  CGRP 
has  therefore  served  as  a  marker  for  primary  afferents  in 
both  the  normal  dorsal  horn  (reviewed  in  Willis  and  Cogge- 
shall,  ’91)  ar  1  in  transplants  of  embryonic  spinal  cord 
(Tessler  et  al.,  ’88;  Houle  and  Reier,  ’89;  Itoh  and  Tessler, 
’90a,b).  We  found  that  these  axons  regenerate  into  embry¬ 
onic  spinal  cord  transplants  by  1  day  after  axotomy,  that 
they  continue  to  grow  within  transplants  for  3  months,  and 
that  their  distribution  then  remains  unchanged  for  more 
than  1  year. 

MATERIALS  AND  METHODS 

Forty-seven  adult  female  Sprague-Dawley  rats  (200-350 
g>  received  transplants,  which  were  studied  after  postopera¬ 
tive  sur  ovals  ranging  from  1  day  to  over  1  year.  Table  1 
summarizes  the  analyses  of  trar-splanted  tissue. 

Surgical  procedures 

Host  rats  were  anesthetized  with  an  intraperitoncal 
injection  of  ketamine  hydrochloride  (76  mg/kg),  xylazine 
(7.6  mg/kg),  and  acepromazine  maleate  (0.6  mg/hg),  and 
the  lumbar  enlargement  was  exposed  by  a  laminectomy  of 
the  T13  or  LI  vertebra.  After  transection  of  the  left  L4  or 
L5  dorsal  root  approximately  2  mm  from  the  dorsal  root 
entry  zone,  the  distal  portion  of  the  root  was  reflected 
caudally.  A  hemisection  cavity  approximately  3  mm  in 
length  was  aspirated  from  the  left  side  of  the  lumbar 
enlargement.  Solid  se^ents  of  spinal  cord  were  then 
dissected  from  embryonic  day  14  (E14)  Sprague-Dawley  rat 
pups  and  introduced  into  the  cavity  (Reier  et  al.,  ’86),  and 
the  severed  dorsal  root  stump  was  juxtaposed  to  the  caudal 
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one-third  of  the  dorsal  surface  of  the  transplant.  In  the  rats 
that  were  to  be  studied  after  survivals  of  1  week  or  less,  the 
cut  dorsal  root  was  secured  between  a  sandwich  of  two 
transplants.  In  rats  with  longer  survivals,  the  dorsal  root 
was  not  further  anchored  and  its  cut  end  simply  rested 
against  the  transplant.  The  dural  opening  was  tightly 
sutured  with  interrupted  10-0  sutures,  the  resected  verte¬ 
bral  arch  and  bone  chips  replaced,  and  the  superficial 
wound  closed  in  layers.  The  procedures  have  been  described 
in  detail  (Reier  et  al,,  ’86;  Tessler  et  al.,  ’88;  Itoh  and 
Tessler,  '90a, b). 

CGRP  immunohistochemistry 

From  1  day  to  15  months  after  transplantation,  the  hosts 
were  deeply  anesthetized  with  sodium  pentobarbital  (50 
mg/kg,  i.p.)  and  perfused  transcardially  with  50  ml  of 
normal  s^ne  followed  by  500  ml  of  4%  paraformaldehyde 
in  0.1  M  phosphate  buffer  pH  7.4.  Spinal  segments  contain¬ 
ing  transplants  were  removed,  dehydrated,  and  embedded 
in  paraffin.  The  specimens  studied  within  1  week  postoper- 
atively  were  also  immersed  in  fresh  fixative  overnight 
before  dehydration  and  embedding.  To  identify  regenerated 
axons,  every  fifth  section  (5  )i.m  in  thickness)  was  processed 
for  calcitonin  gene-related  peptide  (CGRP)  immunohis¬ 
tochemistry  according  to  the  ABC  procedure  that  has  been 
described  previously  (Tessler  et  al.,  ’88;  Itoh  and  Tessler, 
’90b).  Sections  were  incubated  in  primary  antiserum  against 
CGRP  (Peninsula  Laboratories,  Belmont,  CA)  at  1:8,000 
dilution,  immersed  in  biotinylated  goat  euitirabbit  IgG  and 
avidin-biotinylated  horserac^h  peroxidase  (HRP)  complex 
(Vectastain  ABC  kit,  Vector  Laboratories,  Burlingame, 
CA),  and  then  processed  for  HRP  visualization  using 
3,3'-diaminobenzidine  as  chromagen. 

To  evaluate  the  histology  of  the  transplant  and  its 
interfaces  with  the  host  dorsal  root  and  spinal  cord,  aOa- 
cent  sections  were  stained  with  chromoxane  cyanine  R  or 
luxol  fast  blue  for  myelin  and  counterstained  with  cresyl 
violet. 

Quantitative  light  microscopic  analysis 

The  extent  to  which  CGRP-labeled  axons  regenerated 
into  transplants  was  measured  after  survival  periods  from  2 
weeks  to  over  1  year  (Table  1).  Five  transplants  were 
examined  at  each  survival  time.  We  used  a  point-counting 
stereological  analysis  to  measure  the  area  occupied  by 
immunoreactive  axons.  Sagittal  sections  that  contained 
CGRP-immunoreactive  axons  were  examined  under  a  light 
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microscope  at  a  final  magnification  x  1,000.  A  micrometer 
10  mm  X  10  mm  in  size  (lO^M-m^)  composed  of  l^mm  grid 
squares  (OC-M  HlO/10,  Olympus,  Tokyo)  that  was  fitt^  in 
an  ocular  lens  was  used  as  a  sampling  lattice,  and  the 
number  of  times  that  CGRP-labeled  axons  intersected  the 
comers  of  the  grid  squares  was  counted.  Four  or  5  sections, 
separated  by  five-section  intervals,  which  contained  the 
most  abundant  CGRP  immunoreactivity  in  the  transplant, 
were  examined  for  each  transplant  and  the  results  were 
averaged. 

To  evaluate  the  arborization  of  CGRP-immunoreactive 
axons,  we  measured  the  distribution  of  labeled  axons  in  4  or 
5  sagittal  sections  by  making  composite  montages  that 
consisted  of  all  the  individual  sampling  lattices  examined 
and  the  results  were  averaged.  The  area  density,  expressed 
as  the  area  occupied  by  CGRP-immunoreactive  axons  per 
1,000  M.m^,  was  also  calculated  as  [the  area  occupied  by 
CGRP-labeled  axons}/ [the  distribution  area  of  labeled  ax¬ 
ons]  X  1,000  To  estimate  the  final  volume  of  the 
transplants,  the  area  of  every  tenth  section  cut  in  the 
sagittal  plane  and  stained  with  cyanine  R  or  luxol  fast  blue 
and  cresyl  violet  was  measured  and  the  sum  of  the  areas 
was  multiplied  by  the  distance  between  sections  (50  um). 
The  initial  volume  of  the  transplants  was  determined  by  the 
procedures  described  previously  (Itoh  and  Tessler,  ’90b). 

The  significance  of  the  differences  among  transplant 
groups  at  various  survival  periods  was  evaluated  by  one¬ 
way  A  NOVA.  If  there  were  significant  differences  (p  <  0.05) 
amo:.^  the  groups,  each  resudt  was  corrected  for  multiple 
comparisons  by  using  Duncan’s  multiple  range  test.  The 
statistical  significance  of  graft  volume  increases  was  deter¬ 
mined  by  the  Kruskal-Wallis  one-way  ANOVA  corrected 
with  the  Wilcoxon-Mann-Whitney  test  for  multiple  compar¬ 
isons.  The  statistical  analyses  were  performed  l^  using  the 
Number  Cruncher  Statistical  System  (Dr.  Jeny  L.  Hintze, 
Kaysvill,  UT). 


RESULTS 

Transplant  development 

Over  90%  of  the  hosts  had  clearly  identifiable  trans¬ 
plants.  In  a  few  instances  cavities  were  present  within  the 
transplant,  at  the  interface  between  host  and  transplant  or 
as  a  dilatation  of  the  central  canal  of  the  host  spinal  cord.  At 
2  weeks,  transplant  volume  showed  a  110%  increase  over 
the  initial  volume,  and  by  1  month  the  increase  was  a 
statistically  significant  180%.  The  volume  continued  to 
increase  until  12  weeks  and  then  persisted  unchanged  for 
over  48  weeks.  The  maximum  increase  of  270%  over  initial 
volume  was  found  in  24-week-old  transplants  (Table  1). 


Fig.  1.  Sagittal  Mctioiu  of  E14  spinal  oord  graft  24  hours  after 
transplantation,  a:  A  camera  lucufa  drawing  shows  the  relationship  of 
transplant  (TP)  and  host  spinal  cord  (H)  and  the  interface  between 
dorsal  root  (DR)  and  transplant.  The  dorsal  root  stump  is  sandwiched 
between  two  transplants.  Bar  -  1  mm.  b:  A  hi^ly  magnified  photo¬ 
graph  of  the  area  outlined  by  the  rectangle  in  a  shows  the  interface 
between  host  dorsal  root  (DR)  and  transplant  (TP).  The  neurons  are 
separated  by  large  intercellular  spaces  and  mixed  together  with  non¬ 
neuronal  elements,  including  red  blood  cells,  macrophages,  lympho¬ 
cytes,  and  fragmented  myelin  (arrows).  Stained  with  chtomosane 
cyanine  R  and  cresyl  violet.  Bar  »  100  lun.  c:  Hi^er  ma^fieation 
photograph  of  adjacent  section  shows  CGRP-immunoreactive  axons 
(arrows )  derived  from  host  dorsal  root  (DR)  regenerated  into  transplant 
(TP).  Bar  «=  100  itm. 


TIME  COURSE  OF  DRG  AXON  REGROWTH  IN  TRANSPLANTS 


201 


After  I  or  2  day  survivals,  spinal  cord 
transplants  filled  the  lesion  cavity,  but 
large  spaces  separated  the  grafted  neurons 
Because  non-neuronal  cells,  including  glial 
cells,  red  blood  cells,  macrophages  and 
lymphocytes,  were  present  along  with  the 
neurons,  the  transplants  were  highly  cellu¬ 
lar  and  had  a  loose  extracellular  matrix 
(Fig.  lb).  In  some  animals,  the  lesion  cavity 
was  filled  with  blood,  presumably  originat¬ 
ing  from  blood  vessels  cut  during  the  oper¬ 
ative  procedures  along  the  cut  dorsal  roots 
and  surrounding  tissue  of  the  cavity.  The 
severed  dorsal  root  was  demyeiinated  close 
to  its  cut  edge,  and  myelin  fragments  were 
observed  at  the  dorsal  root-transplant  inter¬ 
face  (Fig.  lb). 

Transplant  morphology  changed  over  the 
1-2  weeks  after  surgery.  At  4  days,  the  cells 
within  the  transplants  were  more  densely 
aggregated  and  had  less  extracellular  space 
than  at  1  and  2  days,  but  blood  cells 
remained.  After  1  week,  the  blood  had 
largely  been  resorbed,  and  macrophages, 
lymphoQTtes,  and  fragments  of  iryured  my¬ 
elin  were  no  longer  observed.  Spinal  cord 
transplants  at  this  time  included  dense 
aggregations  of  neurons,  which  showed  a 
high  nucleus/cytoplasm  ratio  and  were  in 
some  areas  arranged  in  irregular  rows. 
Glial  cells  and  blood  vessels  were  present, 
but  no  myelin  staining  was  seen  within  the 
transplants  (Fig.  2a).  By  2  weeks,  neurons 
of  different  sizes  were  present  throughout 
the  transplants,  and  myelinated  processes 
were  found  among  the  larger  neurons  (Fig. 
2b, c).  A  dense  population  of  glial  cells 
surrounded  the  transplants  at  2  weeks, 
especially  at  the  dorsal  root-transplant  in¬ 
terface,  but  within  the  transplants,  glial 
cells  were  uniformly  distributed  among  the 
neurons. 

After  this  period,  the  transplants  resem¬ 
bled  those  that  have  been  described  at 
longer  survival  times  (Bernstein  et  al.,  '84; 
Reier  etal.,  '86;  Tessler  etal.,  '88;  Jakeman 
et  al.,  '89;  Itoh  and  Tessler,  '90a, b;  Jake¬ 
man  and  Reier,  ’91).  They  included  small 
and  medium-sized  neurons  similar  to  those 
found  in  the  intermediate  gray  and  dorsal 
horn  of  the  normal  adult  spinal  cord  (Reier 
et  al.,  ’86).  The  extent  of  myelination  within 


Fig.  2.  Sagittal  sections  of  E 14  spinal  cord  grafts 
I  week  (a)  and  2  weeks  (b.c)  after  transplantation. 
Nissl-Myelin  stain,  a:  The  transplant  CTP)  is  well- 
integral^  with  host  dorsal  root  (DR)  at  the  inter¬ 
face  (arrows).  Neurons  are  densely  aggregated, 
show  a  high  nucleus/cytoplasm  ratio,  and  are  par¬ 
tially  arranged  in  irregular  rows.  The  neuropil  is 
immature  and  does  not  stain  for  myelin,  b:  Neurons 
of  different  sizes  are  present  throughout  the  trans¬ 
plant.  c:  A  highly  magnified  photograph  of  the  area 
indicated  by  the  rectangle  in  b  shows  myelinated 
processes  (arrows)  among  the  neurons.  Bars  »  100 
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Fig.  3.  S^ttal  section  of  £14  spinal  cord  graft  60  weeks  after 
transplantation,  a:  A  camera  ludda  drawing  shows  relationship  of 
transplant  (TP)  and  host  spinal  cord  (HI  and  the  interface  (arrowheads) 
between  dorsal  root  (DR)  and  transplant.  Bar  »  1  mm.  b:  A  highly 
magnified  photograph  of  the  area  indicated  by  the  rectangle  in  a  shows 
the  interface  (arrowheads)  between  dorsal  root  (DR)  and  transplant 


(TP).  Bar  =  10  pm.  c:  Detail  ofthe  area  outlined  by  the  rectangle  (c)  in  a 
shows  that  transplant  (TP )  and  host  spinal  cord  (H )  are  well-integrated. 
Bcu'  -  10  pm.  ^  A  higher  magnification  photograph  of  the  region 
indicated  by  the  rectangle  in  a  shows  medium-sized  neurons  (arrows) 
surrounded  by  myelinat^  axons.  Stained  with  luxol  fast  blue  and  cresyl 
violet.  Bar  «  10  pm. 


the  transplants  appeared  to  increase  until  12  weeks  and 
then  remained  unchanged.  Myelin  was  distributed  uni¬ 
formly  throughout  mature  grafts  except  in  distinct  myelin- 
free  areas  (Reier  et  al.,  '86;  Jakeman  et  al.,  ’89).  The 
interface  between  host  white  matter  and  well-myelinated 
regions  of  the  transplants  was  difficult  to  distinguish 
because  in  some  areas  th^r  were  not  separated  by  promi¬ 
nent  layers  of  glial  cells  or  their  processes  (Fig.  3). 

CGRP  immunohistochemistiy 

Regenerated  dorsal  root  axons  entered  the  timisplants 
within  24  hours  after  surgery.  The  dorsal  root  and  trans¬ 
plant  appeared  loosely  apposed,  but  a  few  axons  immunore- 
active  for  CGRP  had  grown  into  the  transplant  and  ex¬ 
tended  up  to  150  um  from  the  ends  of  the  cut  root  stumps 
(Fig.  lc>.  By  the  fourth  day  more  CGRP-immunoreactive 
axons  were  present  within  the  transplants  and  some  had 
grown  up  to  700  p-R)  from  the  dorsal  root-transplant 
interface.  Varicosities  were  first  observed  along  the  regener¬ 
ated  axons  at  this  time  (Fig.  4).  Close  to  the  interface  with 
the  dorsal  root,  the  CGRP-labeled  axons  had  begun  to  form 
the  dense  bundles  that  are  a  characteristic  arborization 
pattern  in  mature  spinal  cord  transplants  (Tessler  et  al., 
'88;  Itoh  and  Tessler,  ’90a,b).  The  bundles  were  infrequent 
at  this  stage  but  common  in  1-week-old  transplants,  where 


th^  were  still  located  very  close  to  the  dorsal  root  interface. 
At  4  weeks,  the  densely  aggregated  axons  had  penetrated 
more  deeply  into  the  transplants,  and  CGRP-immunoreac¬ 
tive  axons  were  less  commonly  observed  immediately  adja¬ 
cent  to  the  dorsal  root  interface  (Fig.  5a).  Displacement  of 
these  axons  from  the  interface  suggests  both  axon  growth 
and  increasing  thickness  of  the  layers  of  astro(ytes  that  are 
known  to  develop  at  the  dorsal  root-transplant  interface 
(Carlstedt  et  al.,  ’89;  Itoh,  ’91). 

CGRP-containing  dorsal  roots  arborized  extensively  near 
the  surface  of  4-week-old  transplants  (Tessler  et  al.,  '88; 
Itoh  and  Tessler,  '90a,b)  (Fig.  5a),  but  the  extent  of  the 
arborization  continued  to  increase  until  12  weeks  (Fig.  5b). 
After  this  period,  the  extent  and  the  pattern  of  the  regener¬ 
ated  axons  persisted  unchanged  for  over  1  year.  At  15 
months,  the  longest  survival  period  examined,  regenerated 
CGRP-immunoreactive  fibers  were  clearly  identified  within 
the  transplants  and  formed  dense  plexuses  close  to  the 
dorsal  root-transplant  interface  (Fig.  6). 

Quantitative  light  microscopic  analysis 

The  stereological  analysis  showed  the  area  fraction  occu¬ 
pied  by  regenerated  dorsal  root  axons  immunostained  for 
CGRP  as  the  transplant  developed  (Table  2,  Fig.  7).  At  2 
weeks  survival,  these  axons  occupied  a  mean  area  of  0.64  x 
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Fig.  4.  Sagittal  sections  of  E14  spinal  cord  graft  4  days  after 
transplantation,  a:  A  camera  ludda  drawing  shows  CGRP-labeled 
axons  that  have  grown  across  the  interface  between  host  dorsal  root 
(DR)  and  transplant  (TP)  and  regenerated  into  the  transplant.  Bar  > 
100  |im.  b:  A  highly  magnified  photograph  of  the  area  indicated  by  the 


10^p.ni^.  By  4  weeks,  the  area  fraction  occupied  was  approx¬ 
imately  three  times  greater  than  at  2  weeks,  and  at  12 
weeks,  the  increase  was  approximately  sixfold  (average  area 
of  4.13  X  KPp.m’’).  No  change  occurred  thereafter.  The 
area  fraction  of  transplant  neuropil  occupied  by  regener¬ 
ated  CGRP-labeled  dorsal  root  axons  therefore  increased 
rapidly  for  the  first  3  months  and  then  remained  constant 
for  over  1  year. 

Table  2  and  Figure  7  also  show  the  development  of  the 
area  within  transplants  over  which  regenerated  CGRP- 
labeled  axons  arborized  and  the  area  density  of  these  axons. 
The  mean  area  of  CGRP-innervated  regions  within  12-week- 
old  transplants  was  approximately  three  times  that  of 
2-week-old  transplants  and  twice  that  of  4-week-old  grafts. 
The  regenerated  axons  therefore  extended  over  a  progres¬ 
sively  larger  area  of  the  transplants  for  the  first  3  months 
after  transplantation  and  then  maintained  their  area  of 
distribution  for  more  than  1  year.  The  area  density,  which 
represents  the  area  occupied  in  the  transplants  by  CGRP- 
labeled  axons  per  1,000  p.m^  of  CGRP-containing  area, 
increased  significantly  for  the  first  month  after  transplanta¬ 
tion  and  then  persist^  unchanged  for  over  1  year.  Together 
these  results  suggest  that  regenerated  CGRP-containing 


i 


rectangle  in  a  ehowi  a  denae  bundle  (*)  eompoeed  of  regenerated 
CGRP-immunoreactive  axons.  Bar  -  50  ttm.  c:  A  more  highly  magni¬ 
fied  photograph  of  the  area  indicated  by  the  rectangle  in  a  shows  the 
ends  of  the  regenerated  axons.  Varicosities  (arrowheads)  are  present 
along  the  axons.  Bar  >  10  nm. 

dorsal  root  axons  attained  their  greatest  density  of  distribu¬ 
tion  in  some  regions  of  the  transplant  by  I  month  after 
transplantation,  and  that  the  areas  of  the  transplant  occu¬ 
pied  to  a  similar  extent  continued  to  increase  until  3 
months. 

DISCUSSION 

The  mftior  findings  of  the  present  study  are  that  severed 
dorsal  root  axons  of  adult  rats  regenerate  into  intraspinal 
embryonic  spinal  cord  transplants  within  24  hours  after 
grafting;  that  the  axons  continue  to  extend  within  the 
transplants  for  3  months;  and  that  the  regenerated  axons 
maintain  the  distribution  for  over  1  year.  Because  we  have 
previously  shown  that  regenerated  dorsal  roots  establish 
synapses  within  transplants  at  1-3  months  after  surgery 
(Itoh  and  Tessler,  ’90a),  the  present  results  suggest  that 
the  innervation  is  permanent. 

The  three-month  period  of  axon  regeneration  exceeds  the 
time  required  for  dorsal  root  ingrowth  in  the  developing 
spinal  cord,  which  is  complete  by  the  second  postnatal  week 
(Fitzgerald  and  Gibson,  ’84).  The  explanation  for  this 
prolonged  period  of  growth  is  unclear.  Without  a  trans- 
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Fig.  5.  Sagittal  aectioiu  of  £14  qanal  oord  graft*  4  week*  (a)  and  12  weeks  (b)  after  transplantation. 
The  extent  of  the  arborisation  of  CGRP-labeied  axons  regenerated  into  transplants  increases  between  4 
weeks  (a)  and  12  weeks  (b).  The  distance  between  host  dorsal  roots  (DR)  and  the  plexuses  of  regenerated 
axons  (*)  in  transplants  (TP)  also  increases.  Labeled  axons  are  sparse  and  leas  branched  in  the  intervening 
xone  (stars)  of  the  transplant.  Bars  «  100  tun. 


plant,  axotomized  CGRP-containing  dorsal  root  axons  are 
unable  to  r^enerate  into  spinal  cord  after  the  first  postna¬ 
tal  week  (Carlstedt  et  al.,  ’87).  Astrocytes  that  develop  at 
the  PNS/CNS  transition  zone  are  thou^t  to  obstruct  or 
inhibit  dorsal  root  regeneration  (Moyer  et  al.,  ’53;  Pindzola 
and  Silver,  ’90;  Liuzzi,  ’90).  Our  present  observations 
suggest  that  this  barrier  is  in  place  by  1  month  alter 
transplantation.  By  this  time  there  is  a  distinct  increase  in 
the  distance  between  host  dorsal  roots  and  dense  popula¬ 
tions  of  regenerated  CGRP-immunoreactive  axons,  and 
labeled  axons  are  sparse  in  the  intervening  zone.  This  zone 
is  composed  largely  of  a  dense  meshwork  of  hypertrophied 
astrocytic  processes  (Carlstedt  et  al.,  ’89;  Itoh,  ’91).  The 
presence  of  thick  glial  layers  and  few  axons  immunoreactive 
for  CGRP  near  the  transplant-dorsal  root  interface  is 


consistent  with  the  idea  that  primary  afferent  fibers  grow 
into  the  transplants  prior  to  the  formation  of  an  astroglial 
barrier  that  subsequently  inhibits  axon  growth  and  arboriza¬ 
tion.  Retraction  of  some  of  the  earlier  ingrowing  axons  may 
also  contribute  to  the  sparcity  of  immunoreactive  axons  in 
the  transition  zone.  Continu^  entrance  of  axons  from  the 
dorsal  roots  is,  however,  unlikely  to  account  for  the  pro¬ 
longed  period  of  dorsal  root  axon  feneration  into  trans¬ 
plants. 

The  present  study  also  suggests  that  dorsal  roots  grow 
slowly  within  transplants.  A  few  CGRP-immunoreactive 
axons  have  already  regenerated  into  spinal  cord  transplants 
by  24  hours  after  surgery.  Host  axons  have  previously  been 
shown  to  regrow  into  intracerebral  transplants  of  embry¬ 
onic  brain  by  48  hours  (Lund  and  Mustari,  ’77;  Loy  and 
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Fig.  6.  Sagittal  leetiona  of  E14  tpiaal  eord  graila  60  weeka  after  tranapUntation.  a:  A  camera  hidda 
drawing  ahowa  abundant  CGRP-labeled  axona  derived  from  hoot  doraal  root  (DR)  that  have  regenerated 
into  the  tranaplant  (TP),  b:  A  more  hi^^  magnified  photograph  of  the  area  outlined  by  the  rectangle  in  a 
ahowa  that  regenerated  axona  croaa  the  interface  (arrowa)  between  boat  doraal  root  (DR)  and  tranaplant 
(TP)  and  form  a  denae  plexua  within  the  tranaplant.  Bara  •*  100  iun. 
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TABLE  2.  Light  Microscopic  Quantitative  Analysis  of 
CGRP-La^led  Axons' 


Postgraft 

interval 

iwksi 

Area  occupied  by 
CGRP-labeM  axons- 

( X  10‘/  (im* » 

Distribution  area  of 
CGRP-Iabeled  axons^ 
(mm'i 

Area  density- 

2(A> 

0  64  0.06 

0  17  s  001 

3662  s  3.21 

4(B* 

2  18  2  0  06 

0.27  s  0.02 

84  04  s  6.52 

12iCi 

4  13  s  D  OT 

0  59  i  0.02 

71  03  s  2  94 

24  (D> 

4.25  :  0  07 

0  53  s  0  03 

80  74  s  4.28 

36  <E) 

4  40  2  0  16 

0.57  s  0  03 

76  83  s  1  70 

46-60 IF) 

4  28  s  0  11 

0.55  s  0.02 

79.10  s  3.98 

Significance^ 

A  <  B  <  C.D.F.E 

A  <  B  <  D.F.E.C 

A  <  C.E.F.D.B 

'  values  arc  mc*n  *  S.E  M 

^Area  occupied  by  CGRP-Ubclfd  axons  is  calculated  by  point-counting  etcreolagica] 
analysis 

^Distribution  area  CGRP-iaimunoreactivc  axons  in  the  sagittal  plane  is  determined  by 
making  montages  which  consist  of  all  the  individual  sampling  lattices  sxamined 
*Araa  density  is  expressed  as  the  sree  occupied  by  CGRP-lsbekd  axons  per  1.000 
H)verali  significant  determined  by  one  way  ANOVA  iP  <  0  Oft)  and  individual  poathoc 
comparisons  are  with  the  Duncan's  multiple  range  teat  tP  <  0.05> 


Moore,  ’79;  Zimmer  and  Haut,  '78;  Smith,  '83;  Mason,  ’86; 
lUuaofetra  et  al.,  ’89).  At  both  1  and  4  days,  the  axons  that 
have  regenerated  into  spinal  cord  transplants  are  straight 
and  unbranched.  By  comparing  the  length  of  regenerated 
CGRP-containing  axons  after  1-  and  4-day  survivals,  we 
estimate  a  growth  rate  within  transplants  at  this  early 
stage  of  regrowth  to  be  6-7  mm/hour.  This  rate  is  much 
slower  than  that  reported  for  the  most  rapidly  regenerating 
sensory  axons  ( 150-190  mm/hour,  Gutmann  et  d.,  ’42)  but 
similar  to  that  of  developing  c^osal  and  corticospinal 
axons  as  they  extend  through  the  cortex  (5-6  mm/hour, 
Kalil  and  Norris,  ’92).  Faster  rates  have  been  reported  for 
developing  callosal  and  corticospinal  axons  as  they  grow 
through  corpus  callosum  and  spinal  cord  (60  mm/hour, 
Kalil  and  Norris,  ’92),  for  retinal  gan^on  cell  axons 
regenerating  into  PNS  grafts  (40-80  mm/hour,  Cho  and 
So,  ’87;  Bray  et  al.,  ’92),  and  for  several  different  kinds  of 
embryonic  neurons  growing  in  vitro  (Davies,  ’89)  and  in 
vivo  (Jacobson  and  Huang,  '85;  Davies,  ’87,  ’89).  The 
arborization  of  regenerated  dorsal  roots  after  4  days  pre¬ 
vented  us  from  calculating  the  axon  growth  rate  at  later 
times,  but  it  is  likely  to  be  even  slower.  The  area  occupied  in 
transplants  by  CG^-immunoreactive  axons  and  the  exten¬ 
sion  of  arborization  continue  to  increase  until  3  months, 
but  the  total  distance  covered  by  the  regenerated  axons  is 
limited  to  only  a  small  and  superficial  portion  of  the 
transplants. 

The  slow  rate  of  extension  within  spinal  cord  transplants 
may  indicate  a  relatively  unfavorable  environment  for  axon 
growth.  The  molecular  environment  of  the  transplants  has 
not  been  studied;  transplants  may  lack  an  adequate  supply 
of  molecules  that  support  or  enhance  growth  (Snyder  and 
Johnson,  ’89;  Smith  et  al.,  ’90)  or  include  molecules  that 
inhibit  or  repulse  growing  axons  (Caroni  and  Schwab, 
’88a,b;  Schwab  and  Caroni,  ’88;  Schnell  and  Schwab,  ’90; 
Snow  et  al.,  ’90a,b).  The  slow  rate  of  growth  compared  with 
the  time  course  of  normal  dorsal  root  development  might 
also  be  due  to  differences  between  developing  and  regenerat¬ 
ing  axons.  For  example,  integrin  receptors  for  extracellular 
matrix  molecules,  which  are  present  on  developing  axons, 
are  lost  with  target  contact  (reviewed  in  Reichai^t  and 
Tomaselli,  ’91),  and  their  affinity  can  also  be  reduced 
(Cohen  et  al.,  ’89)  Some  of  these  receptors  may  not  be 
reexpressed  after  axotomy,  or  the  affinity  of  those  on 
regenerating  axons  may  be  less  than  those  on  developing 
axons.  In  addition,  the  slow  rate  at  which  axons  grow  in 
transplants  may  be  related  to  the  early  formation  of 
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Fig.  7.  Quantitative  analyaia  of  regenerated  CGRP-immunoreactive 
azona.  The  area  occupied  1^  CGRP-Iabeled  axons  and  the  area  of  their 
diatribution  increaae  for  the  first  12  weelu  and  persist  unchanged  for 
over  48  weeka,  whereas  the  area  density  of  CGRP-tabeled  axons  reaches 
s  maximum  by  4  weeka.  See  also  text  and  Table  2.  Values  are  mean  £ 
S.E.M. 


synapses  (Bernstein  and  Bernstein,  ’71),  which  could  de¬ 
crease  the  number  or  affinity  of  axon  receptors  for  extracel¬ 
lular  matrix  molecules.  We  observed  varicosities  suggestive 
of  synaptic  boutons  along  regenerated  dorsal  roots  by  24 
hours,  and  more  of  these  varicosities  were  present  by  4  days 
after  transplantation. 

We  cannot  exclude  the  possibility  that  some  of  the 
expansion  at  longer  survival  times  is  due  to  intraspinal 
CGRP-containing  fibers  that  derive  from  Lissauer's  tract 
and  lamina  X  (Houle  and  Reier,  ’89).  To  insure  that 
regenerated  dorsal  root  axons  accounted  for  the  bulk  of  the 
growth,  however,  we  limited  our  analysis  to  regions  close  to 
the  apposed  dorsal  root.  Furthermore,  because  there  is 
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always  an  area  without  CGRP-stained  axons  within  the 
transplants,  CGRP-immunoreactive  axons  that  had  regen¬ 
erated  into  a  transplant  directly  from  the  cut  dorsal  root 
could  be  distinguished  from  dorsal  root  collaterals  that 
derived  from  the  host  dorsal  horn  (Houle  and  Reier,  ‘89; 
Traub  et  al.,  ’89). 

Several  mechanisms  could  account  for  the  prolonged 
period  of  dorsal  root  axon  growth  within  transplants.  In 
part,  this  grovrth  may  be  due  to  branching  of  the  regener¬ 
ated  axons.  One  conation  that  may  stimulate  the  forma¬ 
tion  of  axon  collaterals  is  the  presence  of  vacant  postsynap- 
tic  sites  (Raisman,  ’69;  Cotman  et  al.,  ’81),  and  we  have 
found  that  synaptic  density  in  even  the  most  abundantly 
innervated  regions  of  1  to  3-month-old  transplants  is  less 
than  that  found  in  lamina  I  of  the  normal  dor^  horn  (Itoh 
and  Tessler,  ’90a).  The  prolonged  regrowth  of  DRG  axons 
might  also  be  due  at  least  in  part  to  the  absence  of  signals  to 
terminate  growth  that  derive  from  normal  targets.  We  have 
found  that  regenerated  dorsal  roots  establish  a  significantly 
larger  number  of  axoaxonic  synapses  in  spinal  cord  trans¬ 
plants  than  is  found  in  norm^  lamina  I  (Itoh  and  Tessler, 
’90a).  Because  these  synapses  are  inappropriate,  they  may 
not  contribute  the  signals  that  normally  terminate  growth. 
Intrinsic  properties  of  these  axons  such  as  their  length  may 
also  contribute,  if  neurons  with  longer  axons  have  the 
capacity  to  grow  for  extended  periods  of  time  during 
regeneration  (Fawcett,  ’92).  CGRP-containing  DRG  neu¬ 
rons  include  some  whose  axons  ascend  to  the  dorsal  column 
nuclei  (McNeill  et  al.,  ’88;  Fabri  and  Conti,  ’90). 

Our  results  indicate  that  regenerated  dorsal  roots  are 
permanently  maintained  within  fetal  spinal  cord  trans¬ 
plants  and,  therefore,  that  these  transplants  can  contribute 
to  the  permanent  restoration  of  damaged  neuronal  cir¬ 
cuitry.  Other  systems  of  injured  axons  have  been  reported 
to  establish  longlasting  projections  into  embryonic  trans¬ 
plants  of  their  normal  target  tissues  (Bregman  and  Reier, 
’86;  Bregman,  ’88).  We  have  found  regenerated  dorsal  roots 
of  adult  rats  in  embryonic  transplants  of  brain  as  well  as  of 
spinal  cord  after  1  month,  suggesting  that  the  conditions 
that  support  dorsal  root  regeneration  are  not  spedhc  to 
their  normal  target  tissue  (Itoh  and  Tessler,  ’90b).  Target- 
specific  signals  may  contribute  to  synapse  formation  and 
therefore  to  the  maintenance  of  projections  (Jessell,  ’68), 
however,  because  regenerated  dorsal  roots  make  many 
fewer  synapses  in  transplants  of  brain  than  in  transplant 
of  spinal  cord  (Itoh  and  Tessler,  ’90b).  Whether  the  perma¬ 
nent  establishment  of  dorsal  root  projections  is  target- 
specihc  and  whether  it  depends  on  synapse  formation 
remain  to  be  determined. 
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ABSTRACT 


Intraspinal  transplants  of  fetal  CNS  tissue  permit  or  enhance  the 
regeneration  of  cut  central  axons  of  adult  dorsal  root  ganglion  (DRG) 
neurons.  Some  of  these  regenerated  axons  establish  s5nriapses  with 
transplant  neurons.  The  alms  of  the  present  study  were  to  determine 
when  regenerated  DRG  axons  begin  to  form  synapses  with  transplanted 
embryonic  spinal  cord  neurons  and  whether  these  synapses  are 
pennanent.  We  also  examined  the  development  of  transplant  neuropil  in 
areas  innervated  by  the  regenerated  axons.  Whole  pieces  of  embryonic 
day  (E)14  spinal  cord  were  introduced  into  hemisectlon  cavities  made  at 
the  level  of  the  lumbar  enlargement,  and  the  cut  L4  or  L5  dorsal  root  was 
juxtaposed  to  the  transplant.  Regenerated  DRG  axons  immunoreactlve 
for  calcitonin  gene-related  peptide  (CGRP)  were  labeled  by 
immunohlstochemical  methods  and  examined  by  electron  microscopy 
from  1  week  to  1  year  after  surgery.  CGRP-immunoreactive  axon 
terminals  made  Sjmaptic  contacts  with  dendrites  and  perikaxya  of 
transplant  neurons  by  1  week  after  axotomy.  The  moiphology  of  the 
synapses  was  immature.  Large  growth  cone-like  structures  were  also 
present  at  1  week  but  not  at  2  weeks  or  later.  At  2  weeks,  regenerated 
unmyelinated  axons  formed  terminals  similar  to  those  found  in  animals 
surviving  for  48  weeks.  Axoaxonic  synapses  in  which  the  pre-  and  post- 
synaptic  elements  were  immunolabeled  for  CGRP  and  regenerated  CGRP- 
labeled  myelinated  axons  were  observed  at  4  weeks  and  later.  The  area 
of  distribution  of  CGRP  staining  increased  until  12  weeks  and  the 
synaptic  density  of  regenerated  CGRP-labeled  terminals  increased  for  24 
weeks.  The  results  indicate  that  the  synaptic  terminals  of  regenerated 
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primary  afferent  axons  are  permanently  retained  within  fetal  spinal  cord 
transplants.  Transplants  may  therefore  contribute  to  the  permanent 
restoration  of  interrupted  neural  circuits. 
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INTRODUCTION 


The  cut  central  processes  of  adult  DRG  neurons  grow  into 
transplants  of  embryonic  spinal  cord  (15-20,  40.  44,  46).  and  form 
synapses  with  donor  neurons  (18-20).  Electical  stimulation  of  host 
dorsal  roots  evokes  extracellular  single  unit  activity  (16.  21.  40)  and 
excitatory  postsynaptic  potentials  and  action  potentials  (21,  45)  from 
transplant  neurons,  indicating  functional  connectivity.  The  DRG  axon  • 
spinal  cord  transplant  system  therefore  provides  an  in  vivo  model  for 
studying  the  mechanisms  by  which  the  transplant  environment  supports 
or  enhances  regeneration. 

The  ultrastructural  organization  of  intraspinal  fetal  spinal  cord 
transplants  has  been  described  (2,  19,  23,  35.  39).  but  the  time  course  of 
development  of  the  transplanted  tissue  and  the  time  course  of  the 
maturation  of  the  regenerated  axons  are  unknown.  It  is  also  unknown 
when  regenerated  dorsal  root  axons  establish  synapses  and  whether  the 
innervation  is  permzinent, 

DRG  neurons  are  the  sole  afferent  source  of  the  calcitonin  gene- 
related  peptide  (CGRP)  immunoreactlvlty  that  is  found  in  the  normal 
dorsal  horn  (9.  50).  Because  CGRP-immunoreactlvity  also  provides  a 
reliable  marker  for  regenerated  dorsal  root  axons  in  transplants  of  fetal 
spinal  cord  (15,  18-20,  46),  we  have  used  immunohlstochemical 
procedures  to  label  the  subset  of  regenerated  dorsal  root  axons  that  is 
Immunoreactlve  for  CGRP.  The  results  indicate  that  regenerated  dorsal 
root  axons  form  synapses  within  the  transplants  by  1  week  after 
axotomy.  and  that  the  synaptic  terminals  remain  for  at  least  48  weeks. 
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MATERIALS  AND  METHODS 


Twenty-eight  adult  female  Sprague-Dawley  rats  (200-350g)  received 
transplants  of  embryonic  spinal  cord  and  survived  for  1,  2,  4,  12,  24.  36. 
and  48  weeks  postoperatively.  Four  animals  were  analyzed  at  each 
survival  time. 

The  surgical  procedures  were  identical  to  those  described  elsewhere 
(18).  In  brief,  the  animals  were  anesthetized  with  an  intraperltoneal 
injection  of  ketamine  hydrochloride  (76  mg/kg),  xylazine  (7.6  mg/kg), 
and  acepromazine  maleate  (0.6  mg/kg).  and  the  lumbar  enlargement  was 
exposed  by  a  laminectomy.  Segments  of  spinal  cord  were  dissected  from 
E14  Sprague-Dawley  rat  pups  and  introduced  as  whole  pieces  into  a 
hemlsectlon  cavity  approximately  3mm  in  length  aspirated  from  the  left 
side  of  the  lumbar  enlargement.  The  L4  or  L5  dorsal  root  was  then 
transected  close  to  the  dorsal  root  entry  zone  and  Juxtaposed  to  the 
dorsal  surface  of  the  transplants.  The  dura  and  the  superficial  wound 
were  closed  in  layers. 

CGRP  immunohistochemistiy 

To  determine  when  regenerated  dorsal  root  axons  begin  to  form 
synapses  within  the  transplants  and  to  assess  the  development  of 
regenerated  dorsal  root  axons  and  synaptic  terminals,  Intraspinal 
transplants  were  analyzed  after  survivals  of  1  week  to  48  weeks  by 
electron  microscopic  immunohistochemistiy.  The  procedures  for 
demonstrating  CGRP  immunoreaction  product  have  been  described 
previously  (19,  20). 
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In  brief,  the  host  rats  were  deeply  anesthetized  with  sodium 
pentobarbital  (50  mg/kg.  l.p.)  and  perfused  transcardially  with  normal 
saline  followed  by  a  mixture  of  fixatives  containing  3% 
paraformaldehyde.  3%  glutaraldehyde.  0.1%  picric  acid,  and  0.02mM 
CaC12  in  0.  IM  cacodylate  buffer  at  pH  7.4.  Spinal  segments  that 
contained  transplants  were  promptly  removed.  Vibratome  sections  (40 
pm  in  thickness)  were  cut  in  the  sagittal  plane  and  treated  with  1% 
sodium  borohydride  in  phosphate-buffered  saline  (26).  Following 
overnight  incubation  in  rabbit  anti-human  CGRP  antiserum  (Peninsula 
Laboratories.  Belmont.  CA)  diluted  at  1:16,000.  the  sections  were 
processed  for  the  ABC  procedure,  osmicated  (41),  dehydrated,  and  flat- 
embedded  in  Epon-Araldite  mixture. 

Stereological  analysis  of  transplant  neuropil 

To  evaluate  the  development  of  transplant  neuropil  in  regions  that 
were  densely  innervated  by  regenerated  CGRP-labeled  axons,  we 
performed  a  stereological  analysis  using  the  following  sampling 
procedures. 

Two  flat-embedded  Epon-Araldite  sections  that  contained  dense 
bundles  of  CGRP-labeled  axons  and  were  within  1  mm  of  the  dorsal  root- 
transplant  interface  were  selected  from  each  recipient.  Ultrathin  sections 
were  cut  with  a  LKB  Ultratome  fV.  placed  on  thin-meshed  300  grids,  and 
examined  in  a  JEOL  1200EX  electron  microscope  (80kV).  The  sections 
were  not  stained  with  lead  citrate  or  uranyl  acetate.  Regions  were 
identified  in  2-week-old  transplants  that  contained  approximately  5 
adjacent  grid  squares  with  axonal  or  terminal  profiles  immunoreactlve 
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for  CGRP:  in  4-week-old  grafts.  10-15  adjacent  grid  squares:  and  in 
transplants  after  12  weeks,  at  least  15  adjacent  grid  squares.  Two 
photographs  (x6.500  magnification)  were  taken  from  alternate  grid 
squares  and  a  total  of  10-50  electron  micrographs  were  collected  from 
each  recipient.  Grid  squares  in  which  more  than  one-half  of  the  field 
was  occupied  by  blood  vessels  or  by  bundles  of  myelinated  axons  were 
excluded  from  the  survey  (32).  The  stereological  analysis  entailed  placing 
a  grid  containing  100  intersections  over  each  electron  micrograph 
enlarged  to  a  final  magnification  of  20.000x.  The  structures  under  each 
intersection  were  identified  as  myelinated  and  unmyelinated  axons,  axon 
terminals  (profiles  containing  spherical,  spherical  and  dense  cored,  or 
pleomorphic  vesicles),  cell  bodies,  dendrites,  and  non-neuronal 
structures  (glia,  blood  vessels,  and  unidentified  contours)  using  the 
criteria  described  previously  (19.  27.  31,  32).  The  area  fraction  occi  pied 
by  axons  and  terminals  was  also  classified  into  CGRP-labeled  and  CGRP- 
unlabeled  elements  as  determined  by  the  presence  or  absence  of  CGRP 
immunoreaction  product.  Because  the  area  and  volume  of  the  tissue 
occupied  by  each  component  are  directly  related  to  the  area  fraction 
estimated  by  the  point  counting  stereological  analysis  (47),  we  were  able 
to  calculate  an  approximation  of  the  area  occupied  by  each  component  in 
CGRP-innervated  regions.  The  distribution  area  of  CGRP-labeled  axons 
measured  by  quantitative  light  microscopic  analysis  (data  from  18)  was 
multiplied  by  the  area  fraction  occupied  by  each  component.  The  results 
from  the  number  of  animals  in  each  survival  period  were  averaged. 

To  determine  the  synaptic  density  within  transplants,  the  number  of 
synapses  was  counted  according  to  the  protocol  that  has  been  described 
previously  (19.  43).  The  area  examined  on  the  electron  micrographs  was 
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1 1.7  nm  X  8.3  fim.  S3maptlc  density  was  expressed  as  the  number  of 
synapses  per  100  Synapses  were  also  classified  into  CGRP-labeled 
or  CGRP-unlabeled  elements  as  determined  by  CGRP  immunoreactivlty 
in  pre-  or  post-synaptic  endings. 

Morphometric  ajudysU 

Synaptic  terminals  in  electron  micrographs  used  for  the  stereological 
analysis  were  subsequently  analyzed  morphometrically.  A  profile  was 
considered  a  pres3maptlc  terminal  if  it  contained  5  or  more  synaptic 
vesicles,  formed  distinct  synaptic  complexes  with  postsynaptic  neuronal 
elements,  and  had  synaptic  vesicles  closely  associated  with  the  synaptic 
junctions  (36). 

The  area  and  synaptic  contact  length  of  50-75  synaptic  terminals 
from  each  transplant  were  measiired  using  the  Bioquant  System  IV 
(R&M  Biometrics,  Inc.,  Nashville,  TN).  and  the  results  were  averaged. 
Because  few  synaptic  terminals  were  identified  in  1-  and  2-week-old 
transplants,  we  studied  all  that  we  found  in  each  transplant.  Each 
presynaptlc  terminal  was  further  classified  on  the  basis  of  the  following 
morphological  characteristics  (19):  i)  immunoreactivlty  for  CGRP:  positive 
or  negative;  ii)  synaptic  vesicle  content:  spherical,  spherical  and  dense 
cored,  or  pleomorphic  vesicles;  ill)  number  of  synaptic  contacts;  simple  if 
it  made  only  one  S3maptic  contact  per  profile,  or  complex  if  it  made  two 
or  more;  iv)  postsynaptic  structure  contacted:  dendritic,  somatic,  or 
axonic  (see  19  for  further  details  concerning  classification  criteria).  For 
each  terminal  we  also  calculated  a  multlsynapUc  index  (MSI),  which 
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represents  the  number  of  synaptic  contacts  with  separate  postS3maptic 
structures. 

To  examine  the  development  of  myelinated  axons  within  transplants. 
30-50  myelinated  axons  from  each  transplant  were  analyzed.  Myelinated 
axon  diameter,  axonal  diameter,  thickness  of  myelin  sheath,  and 
thickness  of  internal  mesaxon  were  measured  as  the  minor  axes  of 
elliptical  cross  sections.  The  myelin  index  was  calculated  as  axonal 
diameter/  myelinated  axon  diameter  (3).  Myelinated  axons  were  also 
classified  as  CGRP-labeled  or  -unlabeled. 

Statistical  significance  of  the  stereologlcal  analysis  was  determined 
by  the  Kruskal-Wallis  one-way  ANOVA.  When  significant  differences 
were  present  (p<0.05),  individual  posthoc  comparisons  were  corrected 
with  the  Wilcoxon-Mann-Whitney  test  for  multiple  comparisons.  The 
significance  of  the  comparisons  of  the  morphometric  analysis  among  the 
transplant  groups  of  each  survival  period  was  evaluated  by  one-way 
ANOVA.  When  there  were  significant  differences  (p<0.05)  among  the 
transplant  groups,  each  result  was  corrected  for  multiple  comparisons  by 
using  Duncan's  multiple  range  test.  The  statistical  analyses  were 
performed  on  the  Number  Cruncher  Statistical  System  (Dr.J.L.Hintze. 
Kaysvill,  UT). 
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RESULTS 


CGRP-immunoreactlve  axons  and  terminals  were  readily  identified 
within  the  transplants.  In  myelinated  and  unmyelinated  axons, 
immunolabeling  for  CGRP  was  consistently  associated  with 
microtubules:  in  axon  terminals.  CGRP  was  associated  with  dense-cored 
vesicles.  The  general  morphology  of  CGRP-labeled  axons  and  terminals 
observed  in  the  present  study  was  very  similar  to  that  which  has  been 
described  previously  in  superficial  dorsal  horn  of  mammalian  spinal  cord 
(4.  5.  9.  19,  30,  41).  Because  we  used  a  pre-embedding  method  for 
CGRP  immunohistochemistry,  which  has  limited  penetration,  the 
number  of  CGRP-labeled  profiles  will  be  underestimated.  Nevertheless, 
the  examination  of  the  labeled  profiles  enabled  us  to  characterize  the 
entry  of  a  population  of  regenerated  dorsal  root  axons  into  the 
transplants. 

Very  few  CGRP-labeled  axons  and  terminals  were  present  at  1  week, 
the  shortest  survival  period  examined  by  electron  microscopy.  The  total 
of  14  CGRP-labeled  and  12  CGRP-unlabeled  pres3niaptlc  terminals  that 
we  observed  in  4  animals  was  restricted  to  a  region  close  to  the  dorsal 
root-transplant  Interface.  Some  of  these  regenerated  CGRP- 
immunoreactive  axons  made  synaptic  contacts  with  dendrites  and 
perikaiya  of  transplant  neurons  at  this  time  (Fig.  la).  Most  of  these 
synaptic  terminals  were  entirely  surrounded  by  glial  processes  and 
appeared  immature  because  they  contained  relatively  few  synaptic 
vesicles  and  their  pre-  and  post-s3maptic  membranes  were  less  well 
developed  than  those  found  in  more  mature  spinal  cord  transplants  (19). 
Most  CGRP-Immunoreactive  synaptic  contacts  were  asymmetric  (Gray’s 
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type  1),  and  most  of  the  labeled  presynaptic  terminals  contacted  one  or 
two  dendritic  profiles.  Some  CGRP-labeled  axon  terminals  established 
two  or  more  individual  synaptic  contacts,  as  is  commonly  found  in 
mature  spinal  cord  transplants  (19).  but  axoaxonic  synapses  in  which 
the  pre-  and  post-synaptic  elements  were  immunoreactlve  for  CGRP  were 
not  identified  at  this  stage.  We  also  did  not  observe  myelinated  axons  at 
this  time. 

An  unusual  large  profile  resembling  a  growth  cone  was  seen  only 
within  1 -week-old  grafts.  These  structures  were  filled  with  numerous 
dense-cored  vesicles  labeled  for  CGRP.  spherical  vesicles,  mitochondria, 
and  microtubules  (Fig.  lb).  Most  were  entirely  surrounded  by  glial 
processes,  but  some  were  partly  apposed  to  neuronal  elements  without 
interposed  glia.  Because  the  profiles  were  not  observed  within  the  grafts 
at  2  weeks  or  later,  they  appeared  to  be  characteristic  of  the  veiy  early 
stage  of  dorsal  root  axon  regeneration.  Although  interrupted  serial 
sections  of  these  profiles  did  not  reveal  filopodia  and  lamellipodia.  they 
are  likely  to  represent  growth  cones  of  regenerating  dorsal  root  axons. 

At  2  weeks.  CGRP-immunoreactive  axons  and  terminals  were  still 
infrequent.  We  found  only  27  CGRP-labeled  and  60  CGRP-unlabeled 
synaptic  terminals  in  the  4  transplants  that  we  studied  at  this  stage. 
Nevertheless,  most  CGRP-labeled  terminals  had  acquired  a  mature 
morphology  similar  to  that  which  we  have  described  previously  (19). 

After  this  period  another  unusual  profile,  which  contained  dense 
cored  vesicles  as  well  as  microtubules  immunoreactlve  for  CGRP.  was 
identified  within  the  grafts  (Fig.2).  It  is  likely  that  this  structure 
corresponds  to  the  longitudinal  profiles  of  regenerated  CGRP-labeled 
axons  with  varicosities  along  their  length  that  we  found  frequently  on 
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light  microscopic  examination  (18-20).  At  this  survival  period,  we 
observed  occasional  myelinated  axons  but  none  that  were 
immunoreactive  for  CGKP. 

In  general,  immunoreactivity  for  CGRP  was  localized  in  axon 
terminals  rather  than  in  unmyelinated  axons  for  the  first  month.  It  was 
not  until  4  weeks  that  myelinated  axons  labeled  for  CGRP  appeared  and 
they  were  infrequent.  After  12  weeks  myelinated  axons  immunoreactive 
for  CGRP  were  more  frequently  encountered.  The  myelin  sheaths  of  the 
regenerated  dorsal  root  axons  were  covered  neither  with  basal  lamina  nor 
with  collagen  or  reticulin  fibrils  of  the  endoneurium.  Therefore,  it  is 
likely  that  the  myelin  sheath  of  these  CGRP-labeled  axons  is  of  CNS 
origin  (12,  36.  49).  Many  CGRP-labeled  terminals  formed  synaptic 
contacts  upon  dendrites  or  perlkarya  in  the  first  2  weeks,  but  CGRP- 
immunoreactive  axoaxonic  synapses  were  only  seen  after  4  weeks  (Fig.3), 

The  number  of  regenerated  CGRP-labeled  profiles  steadily  increased 
over  the  first  12  weeks.  Thereafter,  both  the  number  and  morphology  of 
CGRP-immunoreactive  axons  and  terminals  remained  unchanged  (Fig. 

4).  At  48  weeks,  the  longest  survival  period  examined  by  electron 
microscopy,  regenerated  CGRP-labeled  axons  and  terminals  were  clearly 
identified  within  the  ^anspiants  and  large  numbers  of  unlabeled 
synaptic  terminals  were  recognized  (Fig,  Sa.b).  These  results  suggest 
that  regenerated  dorsal  root  axons  and  intrinsic  axons  of  transplant 
origin  permanently  innervate  the  spinal  cord  transplants. 

Stereological  analysis  of  transplant  neuropil 
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Composition  of  neuropil  CTable  1.  Fig.  6).  At  2  weeks  myelinated  axons 
occupied  less  than  1%  of  the  area  fraction  of  the  transplant  regions 
examined,  at  4  weeks  approximately  5%,  and  after  12  weeks  nearly  10%. 
Unmyelinated  axons  occupied  about  3%  of  the  area  fraction  for  the  first 
12  weeks  and  Increased  to  9%  at  24  weeks.  Terminals  constituted  16% 
of  the  area  fraction  at  2  weeks  and  increased  to  35%  by  36  weeks. 

Fig.6  is  a  histogram  showing  the  area  occupied  by  each  structure 
after  correction  for  the  distribution  area  of  CGRP-labeled  axons  (data 
from  18).  This  shows  the  striking  increase  in  distribution  area  of  CGRP- 
labeled  axons  between  4  and  12  weeks.  The  area  occupied  by  most 
structures  also  showed  a  significant  difference  between  the  first  4  weeks 
and  12-48  weeks  after  grafting,  indicating  continued  development  during 
the  first  12  weeks  after  transplantation.  The  maximum  percentage 
occupied  by  axon  terminals,  which  include  regenerated  CGRP-labeled 
terminals,  was  reached  at  36  weeks. 

CGRP-labeled  axons  and  terminals  CTable  2).  The  stereological 
analysis  of  axons  and  terminals  immunoreactive  for  CGRP  reveals  the 
percentage  of  the  area  fraction  of  the  total  transplant  neuropil  that  is 
occupied  by  components  of  this  subset  of  regenerated  dorsal  root  axons. 
At  4  weeks  myelinated  axons  labeled  for  CGRP  made  up  approximately 
1%  of  the  area  fraction  occupied  by  all  the  myelinated  axons.  This 
percentage  increased  to  4.5%  by  12  weeks  and  did  not  change 
significantly  thereafter.  At  2  weeks  axons  immunoreactive  for  CGRP 
represented  about  20%  of  the  area  fraction  occupied  by  unmyelinated 
axons  and  approximately  40%  of  the  area  fraction  occupied  by  terminals. 
These  percentages  showed  no  further  change  for  up  to  48  weeks  after 
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transplantation.  Therefore,  considering  the  composition  of  the 
transplant  neuropil  (Fig.  6).  the  area  occupied  by  regenerated  CGRP- 
labeled  axons  and  terminals  appears  to  increase  up  to  12  weeks  and 
then  persist  unchanged  at  48  weeks. 

Synaptic  density  (Table  3).  The  number  of  synapses  per  100 
in  1 -week-old  transplants  was  0.69.  This  total  includes  0.45  /  100 
that  are  immunoreactive  for  CGRP  and  0.24  /  100  that  are 
unlabeled.  By  2  weeks  the  synaptic  density  had  more  than  doubled, 
principally  due  to  an  increase  of  CGRP-unlabeled  synaptic  terminals. 
Because  of  the  limited  numbers  of  synapses  encountered  in  the  early 
weeks  after  transplantation,  changes  in  synaptic  density  could  only  be 
compared  statistically  in  groups  that  survived  for  4  weeks  and  longer. 
The  total  synaptic  density  increased  between  4  and  12  weeks  when  it 
stabilized.  The  density  of  synapses  in  which  the  presynaptic  endings 
were  labeled  for  CGRP  increased  until  24  weeks,  whereas  the  density  of 
unlabeled  terminals  increased  up  to  12  weeks.  Therefore  the  density  of 
regenerated  CGRP-labeled  synaptic  terminals  appears  to  reach  a  plateau 
later  than  that  of  the  unlabeled  presynaptic  terminals. 

CGRP-labeled  synaptic  vesicles  (Table  2).  In  contrast  with  our 
previous  study  in  which  approximately  85%  of  labeled  axon  terminals  in 
transplants  contained  only  spherical  vesicles  (19.  20).  in  the  present 
study  approximately  55%  of  labeled  axon  terminals  contained  both 
spherical  and  dense  cored  vesicles,  45%  only  spherical  vesicles,  and 
approximately  1%  pleomorphic  vesicles.  We  attribute  this  difference  to 
the  greater  sensiUvlty  of  the  ABC  procedure  that  we  used  in  the  present 
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study  to  demonstrate  CGRP  labeling  compared  with  the  PAP  method 
used  previously.  Nearly  80%  of  the  labeled  axon  terminals  that 
contained  both  spherical  and  dense  cored  vesicles,  5%  of  those  that 
contained  spherical  vesicles,  and  none  of  those  with  pleomorphic  vesicles 
were  immunoreactive  for  CGRP.  The  percentages  of  immunoreactive 
axon  terminals  did  not  change  significantly  at  different  survival  times. 

Morphometric  analysis  of  myelinated  azons  and  S5maptic  terminals 

Development  of  myelinated  axons  (Table  4).  The  morphometric 
analysis  of  myelinated  axon  development  included  both  CGRP-labeled 
and  CGRP-unlabeled  processes.  The  mean  diameter  of  myelinated  axons 
was  below  1  mm  at  all  survival  periods.  Most  of  those  that  were 
regenerated  dorsal  root  axons  would  therefore  be  classified  as  A  -  5 
fibers,  as  are  the  majority  of  CGRP-labeled  myelinated  dorsal  root  axons 
found  in  the  superficial  dorsal  horn  of  normal  adult  spinal  cord  (5,  19, 
30).  The  diameter  of  myelinated  axons  labeled  for  CGRP  increased  slowly 
up  to  36  weeks,  when  it  became  similar  to  that  of  unlabeled  myelinated 
axons.  Because  the  axonal  diameter  and  the  thickness  of  internal 
mesaxon  did  not  change  significantly,  the  increase  was  mainly  due  to 
thickening  of  the  myelin  sheath.  The  myelin  index  was  0.71  at  4  weeks 
after  transplantation,  decreased  significantly  to  0.66  at  12  weeks, 
indicating  increased  thickness  of  myelin  sheath,  and  then  persisted 
unchanged. 

Synaptic  terminals  (Table  5).  The  mean  area  of  regenerated  CGRP- 
contalning  synaptic  terminals  was  significantly  larger  than  that  of 
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unlabeled  terminals  at  all  survival  times.  The  area  of  CGRP-labeled 
synaptic  terminals  did  not  change,  whereas  that  of  unlabeled  synaptic 
terminals  increased  until  24  weeks. 

Synaptic  contacts  (Table  6),  The  average  length  of  the  S3maptlc 
contacts  formed  by  CGRP-immunoreactive  terminals  was  significantly 
greater  than  that  of  unlabeled  terminals.  It  did  not  change  significantly 
after  4  weeks  in  labeled  terminals,  but  the  length  of  synaptic  contacts 
formed  by  CGRP-unlabeled  terminals  continued  to  increase  slowly  over 
the  entire  period  studied. 

75-80%  of  CGRP-labeled  terminals  and  over  90%  of  CGRP-unlabeled 
terminals  formed  synaptic  contacts  with  one  neuronal  profile  (simple 
type).  However,  20-25%  of  CGRP-labeled  terminals  contacted  more  than 
one  profile  (complex  t3^e).  This  percentage  was  considerably  greater 
than  that  of  the  complex  synaptic  contacts  formed  by  CGRP-unlabeled 
terminals  (<10%)  and  therefore  the  ratios  of  labeled  and  unlabeled  axon 
terminals  that  formed  simple  or  complex  synaptic  contacts  were  very 
different.  Because  the  proportion  between  simple  and  complex  synaptic 
terminals  did  not  change  during  the  survey  period,  the  multis3maptic 
index  also  did  not  change. 

Postsynaptic  structures  (Table  7).  The  proportions  of  axodendritic, 
axosomatic.  and  axoaxonic  synaptic  contacts  did  not  change  significantly 
from  4  weeks  to  48  weeks.  Approximately  85%  of  CGRP-labeled  synaptic 
terminals  contacted  dendrites,  5%  contacted  perikaiya,  and  10% 
contacted  axons,  whereas  over  95%  of  CGRP-unlabeled  synaptic 
terminals  contacted  dendrites  and  nearly  5%  contacted  either  perikarya 
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or  axons.  The  percentage  of  CGFlP-labeled  S5maptic  terminals  with 
axoaxonic  synapses  was  therefore  far  greater  than  that  of  CGRP- 
unlabeled  s)niaptic  terminals  (19). 
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DISCUSSION 


The  results  of  the  present  study  demonstrate  that  regenerated  dorsal 
root  axons  have  established  synapses  with  transplanted  embryonic 
spinal  cord  neurons  by  1  week  after  surgery,  that  the  synaptic  density  of 
the  regenerated  terminals  increases  for  24  weeks,  and  that  these 
synapses  remain  at  48  weeks,  the  longest  survival  time  studied.  These 
results,  therefore,  suggest  that  the  reinnervation  is  permanent.  In 
general,  most  of  the  parameters  measured  in  the  present  study  show 
significant  differences  between  the  first  1 2  weeks  and  later  survival 
periods,  indicating  that  the  dynamic  phase  of  dorsal  root  regeneration 
occurs  during  the  first  few  months  and  that  the  regrowth  of  DRG  axons 
thereafter  becomes  stabilized. 

Development  of  transplant  neuropil 

Except  for  differentiated  myelin-free  regions  that  resemble  substantia 
gelatinosa  (23,  38,  39),  the  lamination  patterns  of  spinal  cord  transplants 
are  not  obvious  and  the  overall  structure  of  transplants  does  not 
resemble  that  of  normal  spinal  cord  (19.  39).  Because  the  same  regions 
cannot  be  identified  and  compared  in  transplants,  differences  in 
compor.ition  of  transplant  neuropil  at  different  survival  periods  must  be 
interpreted  with  caution.  Nevertheless  our  results  suggest  that  the 
maturation  of  transplant  neuropil  develops  in  parallel  with  the 
maturation  of  the  regenerated  dorsal  roots.  The  area  fraction  occupied 
by  most  of  the  structures  that  we  analyzed  stereologically  varies  little 
among  the  transplant  groups,  indicating  that,  although  the  total 
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transplant  neuropil  Increases,  the  composition  of  neuropil  does  not  differ 
greatly  at  any  time.  The  area  occupied  by  each  component  of  the 
neuropil,  however,  increases  in  parallel  for  12  weeks  and  then  does  not 
change  further.  The  regeneration  of  dorsal  root  axons  into  transplants 
occurs  over  a  similar  period  of  time  (18)  and  therefore  correlates  with  the 
development  of  the  transplant  neuropil.  The  prolonged  ingrowth  of 
dorsal  root  axons  within  spinal  cord  transplants  compared  with  the  time 
course  of  normal  dorsal  root  development  (8)  might  be  related  to  the  time 
course  of  development  of  transplant  neuropil.  The  mechanism  by  which 
transplants  affect  the  slow  development  and  the  maintenance  of  dorsal 
root  regeneration  is  unclear  (18).  Determining  the  development  of  the 
molecular  composition  of  the  extracellular  environment  in  fetal  spinal 
cord  transplants  may  clarify  this  mechanism. 

Regeneration  of  dorsal  root  axons 

The  present  results  using  electron  microscopy  identify  regenerated 
CGRP-immunoreactive  presynaptic  terminals  within  transplants  at  one 
week  following  dorsal  root  transection.  Synapses  have  also  been 
observed  in  grafts  of  fetal  thalamic  tissue  at  7  days  after  transplantation, 
the  earliest  time  reported  (34).  It  is  likely  that  some  synapses  may  have 
formed  even  earlier.  We  have  observed  varicosities  along  regenerated 
CGRP-labeled  axons  with  light  microscopy  that  suggest  that  synapses 
are  present  at  1  and  4  days  after  axotomy  (18)  and  electron  microscopic 
studies  of  embryonic  amphibian  spinal  cord  show  that  synapses  develop 
within  a  few  hours  after  axon  ingrowth  (10.  11.  22,  48).  The  synapses 
formed  by  regenerated  axons  appear  to  become  morphologically  mature 
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between  one  and  two  weeks  after  axotomy.  The  synaptic  terminals  of 
both  CGRP  labeled  and  unlabeled  axons  appear  immature  in  1  -week-old 
transplants,  but  by  2  weeks  their  morphology  is  similar  to  that  of  the 
synaptic  endings  which  we  have  described  previously  in  transplants  after 
1  month  (19). 

Two  processes  are  likely  to  be  involved  in  the  formation  of  synapses 
by  regenerated  axons  (24):  regenerative  ingrowth  and  terminal  formation 
or  arborization  (reactive  reinnervation).  We  observed  large  growth  cone- 
like  structures  immunoreactive  for  CGRP  only  In  1  -week-old  transplants, 
and  the  most  rapid  phase  of  synaptogenesis  by  regenerated  DRG  axons 
occurred  during  the  first  2  weeks.  This  phase  of  synapse  formation  is 
likely  to  be  due  to  regenerative  ingrowth.  The  completion  of  synaptic 
replacement  continued  over  a  considerably  longer  interval,  since  the 
synaptic  density  of  regenerated  CGRP-labeled  terminals  continued  to 
increase  until  24  weeks.  The  time  course  of  synaptogenesis  of 
regenerated  dorsal  root  axons  is  similar  to  that  of  reactive 
synaptogenesis  found  in  the  adult  rat  dentate  molecular  layer  following 
unilateral  entorhlnal  ablation  (13.  14.  28.  29.  33).  We  have  previously 
observed  that  the  synaptic  density  of  regions  of  4-  to  12-week-old 
transplants  that  are  richly  innervated  by  regenerated  dorsal  root  axons 
remains  less  than  that  found  in  lamina  I  of  normal  adult  spinal  cord  (19). 
Reactive  synaptogenesis  in  response  to  vacant  synaptic  space  (7.  37)  may 
therefore  also  contribute  to  synapse  formation  in  the  transplants. 

CGRP-containing  dorsal  root  axons  that  have  regenerated  into 
transplants  do  not  become  myelinated  until  4  weeks  after  axotomy.  but 
the  area  that  they  occupy  then  increases  for  12  weeks,  and  remains 
stable  thereafter.  The  maturation  of  this  subset  of  regenerated  dorsa' 
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root  axons  is  therefore  similar  to  that  of  others.  The  myelin  sheaths  of 
these  axons  appear  to  derive  from  oligodendrocytes  rather  than  Schwann 
cells  because  they  are  covered  neither  by  basal  lamina  nor  by  collagen  or 
reticulin  fibrils  of  the  endoneurium  (12.  36.  49).  Previous  observations 
have  suggested  that  Schwann  cells  are  not  present  in  the  parenchyma  of 
embryonic  spinal  cord  transplants.  We  found  laminin,  which  is 
synthesized  in  culture  by  Schwann  cells  regardless  of  whether  they 
contact  axons  (6).  within  mature  transplants  only  in  association  with 
blood  vessels  (25).  The  present  results  therefore  suggest  that,  after  the 
cut  myelinated  dorsal  root  axons  degenerate  and  lose  their  myelin 
sheaths,  the  axons  regenerate  into  the  transplants  as  unmyelinated 
axons  which  become  remyelinated  by  myelin  sheaths  of  ollgodendrocytic 
origin.  Similarly  regenerated  retinal  axons  in  goldfish  optic  tectum  are 
also  remyelinated  over  a  prolonged  period  (31). 

The  results  of  this  study  indicate  that  regenerated  dorsal  root  axons 
and  axon  terminals  are  permanently  retained  within  embryonic  spinal 
cord  transplants.  The  transected  axons  of  retinal  ganglion  cells  that 
regenerate  along  a  transplanted  segment  of  peripheral  nerve  also  retain 
their  capacity  to  form  well-difTerentiated  synapses  that  persist 
permanently  in  normal  and  abnormal  targets  (1.  49).  Whether 
embryonic  spinal  cord  transplants  enable  the  severed  dorsal  root  axons 
to  restore  functional  neural  circuits  with  host  spinal  cord  remains  to  be 
determined. 
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LEGEND  FOR  FIGURES 


Figure  1.  Electron  micrographs  from  1 -week-old  transplants.  Bar=l  pm. 
a:  A  CGRP-immunoreactive  complex  terminal  (asterisk)  containing 
spherical  and  dense-cored  vesicles  makes  asymmetric  synaptic  contacts 
(arrows)  upon  dendrite  (D)  and  soma  (S).  An  immature  profile  (star) 
including  a  few  spherical  vesicles  immunoreactive  for  CGRP  makes  a 
poorly  diiTerentiated  synaptic  contact  (arrowhead)  upon  a  dendrite  (D), 
b:  A  growth  cone-like  structure  filled  with  mitochondria,  microtubules, 
and  CGPiP-labeled  synaptic  vesicles  contacts  a  perikaryon  (arrowheads). 

Figure  2.  Electron  micrographs  from  2-week-old  transplants.  Terminal 
formation  by  unmyelinated  axon  that  contains  CGRP-labeled 
microtubules  (arrowheads)  and  synaptic  vesicles  and  makes  a  synaptic 
contact  (arrow)  upon  a  dendrite  (D)  Bar=l  pm. 

Figure  3.  A  CGRP-labeled  presynaptic  terminal  synapses  (arrow)  with 
CGRP-labeled  axon  (A)  within  a  36-week-old  transplant.  Bar=l  pm. 

Figure  4.  A  low  magnification  electron  micrograph  shows  a  densely 
CGRP-innervated  region  from  a  36-week-oId  transplant.  Nine 
presynaptic  terminals  immunoreactive  for  CGRP  make  asymmetric 
synaptic  contacts  (arrows)  upon  dendrites  (D).  Dense  glial  processes  (G) 
are  also  present.  Bar=2  pm. 

Figures.  Electron  micrographs  from  48-week-old  transplants.  Bar=:l 
pm.  a:  A  typical  CGRP-immunoreactive  complex  presynaptic  terminal 
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forms  synapses  (arrows)  with  dendritic  profiles,  b:  Terminal  formation  by 
unmyelinated  axon  containing  CGRP-labeled  microtubules  (arrowheads) 
and  synaptic  vesicles  that  makes  a  synaptic  contact  upon  a  dendrite. 

Figure  6.  Composition  of  neuropil.  Histogram  summarizing  stereological 
data  corrected  by  distribution  area  of  CGRP-immunoreactive  axons  (data 
from  Itoh  et  al.'92a).  Bars  are  divided  according  to  the  area  occupied  by 
myelinated  and  unmyelinated  axons,  terminals,  perikarya  and  dendrites, 
and  glia.  Significant  differences  are  as  follows: 

Myelinated  axons:  2.  4  <  36.  24.  12.  48 

Unmyelinated  axons:  2.  4  <  48.  36.  12.  24 

Terminals:  2.  4  <  24.  12  <  4S  <36 

Cell  bodies  &  dendrites:  2  <  ^  <  36.  48.  24.  12 
Glia:  ZA,  24.  12.  36.  48 


Overall  significance  is  determined  by  one-way  ANOVA  (p<0.05)  and 
Duncan’s  multiple  range  test  (p<0.05). 
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_ TABLE  3.  Development  of  Synaptic  Density* 

Poscgraft  CGRP'iabeled  CGPR-unJabeled 


Interval  fwks) 

N 

synapses/IOOMm^ 

synapses/lOOpm^ 

Total/iOOpm 

P 

4 

0.45 

0.24 

0.69 

2> 

4 

0J4 

0.98 

1.52 

4  (A) 

4 

0.82  ±0.12 

1.23  ±0.19 

2.05  ±0.26 

12  (B) 

4 

1.17  ±0.08 

2.18  ±0.16 

3.35  ±0.19 

24  (Q 

4 

1.25  ±0.08 

2.44  ±0J1 

3.70  ±0J5 

36  (D) 

4 

1.52  ±0.15 

1.94  ±0.11 

3.46  ±0.19 

48  (E) 

4 

1.19  ±0.06 

2.07  ±020 

3.27  ±024 

Significance* 

A.B£.CJ> 

A<DE.B.C 

A<E.B.D.C 

'Values  are  mean  ±  S.E.M. 

^Data  from  14  CGRP-labeied  and  12  CGRP-unlabeled  synaptic  tenninals. 

’Data  from  27  CGRP-labeled  and  60  CGRP-unlabeled  synaptic  terminals. 

^Groups  are  ranked  in  ascending  order  according  to  means.  Those  groups  underlined  by  the  same  line  are 
not  significantly  different  from  one  another.  Those  groups  indicated  by  <  are  significantly  different  Aom 
one  another.  Overall  significance  determined  by  one-way  ANOVA  (P<0.05)  and  individual  posthoc 
comparisons  are  with  the  Duncan's  multiple  range  test  (P<0.0S}. 
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TABLE  5.  Development  of  Synaptic  Tenninals 


Postgraft 

Interval  Cwks) 

N 

Area  (nm’) 

CGRP-L' 

CGRP-LT-* 

1’ 

4 

1.97 

0.84 

2* 

4 

2.01 

0.46 

4  (A) 

4 

2.08  ±0.13 

0.74  ±0.02 

12  (B) 

4 

1.72  ±0.16 

0.66  ±0.04 

24  (C) 

4 

2.05  ±0.13 

0.81  ±0.02 

36  (D) 

4 

2.61  ±0.30 

0.90  ±0.03 

48  (E) 

4 

2.16±0J7 

0.79  ±0.03 

Significance’ 

NSD 

B.A<E.CD 

Values  are  mean  ±  S.E.M. 

‘CGRP-labeled  synapdc  tenninals. 

KTGRP-unlabeled  synapdc  tenninals. 

>See  footnote  2,  Table  3. 

*See  footnote  3,  Table  3. 

’See  footnote  4,  Table  3.  Area  of  CGRP-labeled  synaptic  tenninals  is  significantly 
different  from  those  of  CXjRP-unlabeled  syn^tic  tenninals.  NSD:  No  significant 
difference  among  the  groups. 


TABLE  6.  Ocvelopmcni  of  Synapiic  Conucts 
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Sumnurv 

Cut  dorsal  root  axons  regenerate  into  iotmpinal  tzansplanui  of  fetai  spinai  cord 
(FSC)  and  esubiish  synaptic  connectians  ifaere.  The  aim  of  ihe  present  study  was  to 
determine  whether  transplant  neurons  are  driven  syaapdcaUy  in  response  to  elecmcal 
snmuiaaon  of  re^^neiaied  domi  mot  axons.  Adnlt  Sprasue-Dawley  rats  received  FSC 
transplants  t1El4)  into  dorsal  Quadiam  cavities  at  die  itsnbar  enlargement  The  cut  L4 
L5  dorsal  root  snunp  was  placed  at  the  boonn  of  the  lesioo  cavity  and  secured  between 
the  transplant  and  host  spinal  card.  Four  to  10  weeks  later  the  animals  were  prepared  for 
electrical  stimularion  andtecording.  We  sdsnulated  regenerated  donai  toots  and 
recorded  extracellular  single  uiut  post-tyiuqmc  activities  that  were  evoked  close  to  the 
dorsal  root-transplant  interface.  We  used  intracellular  recording  to  observe  several 
examples  of  tnonosynapoc  £PSPs  in  transplant  neumu  evrAed  by  donai  root 
stimuladon  These  results  indicate  that  the  regeoensed  donai  root  axons  establish 
functional  connections  with  neurons  within  the  transpUuus  and  suggest  that  FSC 
transplants  can  be  used  to  reconsmia  funcrional  oonnectioos  between  neuioos  that  have 
been  interntpied  by  spinal  cord  injury. 

K€ywords:  Embry'onic  ^unal  cord  transplant;  dorsal  irxx  ganglion  neuron; 
tegenexacon:  electrophysiology. 

bitroductkia 

The  cut  central  axons  adult  nt  doml  toot  ganglion  (DRC)  neurons  do  not 

legenesate  into  the  spinal  cord^.  When  normai  spinal  coid  is  replaced  by  a  nosplaat  of 
fetal  qnnal  cord  CFSC  u  cut  DRG  axons  cross  tbe  dorsal  rooi-tnnsplani  interface,  grow 
within  the  nnsplam*.  and  establish  synapses  with  ttinsi^aot  neotooi-.  These  syoapsot 
persist  for  over  60  weeks  after  grafting  and  resemble  marphaiogically  those  formed  m 
normal  spinal  cod*.  SimUanties  between  tegeaenred  aadacnnal  synopses  have 
inponant  imidicaiions  for  the  thenpeoiic  poteadal  of  the  ttansplamanoa  technique,  but 
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oniy  if  !he  re|;eneRiie(i  synapses  an  funciiooal  aad  if  the  regenerated  axons  can  acuvatc 
transplanted  nenrona.  We  therefore  studied  whetbea  FSC  trvuplant  neurons  are  driven 
synapdcaiiy  in  response  to  eiecsical  stimuUoon  of  regenerated  ORG  axons 

Materials  and  Methods 

Surgical  Procedurea 

Seventeen  femak  adult  (200-300g)  SpngoC'Dawley  rats  ivere  used  as  gn;: 
recipiems.  The  rats  were  anesthedaed  with  ketamine  (76oig/kgK  xylaaiae  (7.6mg'li:g>. 
and  acepiomaatoc  (0.6mg/kg),  and  the  lumbar  ealaigesiem  was  exposed  by  a 
laminectomy  of  the  T13  or  LI  vertebra.  After  transectiao  ctf  the  left  L4  or  L5  dorsal 
toot,  the  distal  portion  of  the  root  was  reflected  caudally.  A  dorsal  quadrant  cavity  3  mm 
in  length  was  aspirated  ftom  the  left  side  of  the  lumbar  enlargement  FSC  was  then 
dissected  from  Sprague-Dawley  rat  ptqis  (E14)  and  inoodnced  into  the  cavity^.  The  cut 
dorsal  txxn  stomp  encircled  with  a  10-0  suttnc  for  later  idemificaiioR  was  placed  at  the 
bottom  of  the  lesion  cavity  and  seemed  between  the  transplant  and  host  spinal  core  The 
dural  ^ning  and  the  superftcial  wound  were  closed  in  layers. 

Electropkysiology 

Four  to  10  weeks  later  tnnspiaiued  aounals  were  aoesthetized  witn  a  mixture  of 
ketamine  and  xylazine.  AUaninuhsrereveBiiliiBdsidihaiespiraior.  Eod-odal  CO- and 
rectal  tempemure  were  candnuously  tnomiored  and  body  tempexatme  was  mainiauted  at 
3VC. 

The  aniroala  were  then  placed  in  a  tDechanscaltyaiem  designed  to  unmobilize  the 
vettebrai  coliumi.  Thedorsaismfaceoftfaettanapianriwaea^osed  and  identified  by  the 
presence  of  the  suture  looped  around  the  doral  root  during  initial  surgery  .  The  dorsal 
root  was  exposed  and  prepared  for  srimulaooo  with  a  bipolar  hook  electrode-  Thi.- 
dectrode  was  used  routinely  for  donal  root  stgnulatioo  with  constant  current  pulses  of 
02  msec  duranon  All  exposed  tittues  were  covered  with  wanned  muerai  oil. 
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All  rsconiutgs  of  umcatrx  activity  in  the  trantplamt  were  accomphihed  with  glass 
nucropipene  eiecorodes.  A  silver-ball  monopc^  recocding  electrode  wu  placed  at  the 
donal  root-cranspUnc  iniaface  to  tnoniRsr  the  size  of  iocoming  volleys  evoked  by  dorsal 
root  stiinuiaQon.  Nerve  somulus  soengtfa  was  expressed  as  a  multiple  of  the  threshold 
intensity  for  the  most  excitable  fiben  in  the  dorsal  rooL  This  threshold  was  determined 
by  slowly  increasing  stimulus  strength  to  a  level  producing  the  first  sign  of  electrical 
activity  detectable  by  ibe  silver-ball  electrode. 

Results 

Analysis  of  the  pooennais  lecoeded  at  the  donal  root  *  oransplant  interface 
indicated  that  the  maximal  conduenoa  velocities  of  the  dorsal  roots  were  SO-60  m/scc. 
These  values  are  sim-lar  to  those  of  oontial  donal  toots.  The  maximal  conduction 
vebcities  of  regenezated  donal  root  axons  within  the  tnnsplanis  were  2-4  m/sec. 
suggesting  that  most  of  these  axons  are  aosnydinaied  at  the  survival  periods  of  4  to  lO 
weeks. 

Extracellular  records  were  obtainod&oni  a  total  of  40  single  units  activated  by 
electrical  stimulation  of  donal  toots.  ConxittBat  widi  previous  morphological 
findings^',  most  single  unit  activity  was  encoumeied  witfaio  approximately  1  mm  of  the 
dorsal  root  •  trsnsplant  interface.  A  train  of  at  leastS  shacks  was  needed  to  secure 
reliable  fuiog.  The  electrical  ifaresbolds  for  onhodromic  finx^  were  S>  10  tunes  that  of 
the  most  excitable  fibers  in  the  dorsal  roots.  Qnbodromic  firing  latencies  ranged  from  4 
to  6  msec  (Fig.}).  Based  on  the  variance  in  das  latency  between  the  dorsal  root  stimulus 
and  the  unit  spike,  units  were  ciasaified  into  two  A  histograin  of  the  latencies  of 
type  1  units  showed  a  itlaovely  narrow  band,  wbereas  type  U  showed  a  broad  band 
Uoia  in  which  the  re^xmse  to  high  frequency  Bhriularioo  (lOO  Hz)  of  the  dorsal  root 
was  studied  exhibited  failures  of  spike  ixudadou. 
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Ir.  severAl  anics.  the  dor»l  toot  was^stuaulued  with  triun  of  hi^h  ficqoency 
siimuii  I  >  .000  Hz.  5  msec  mill  j.  Fcdlowinf  these  txiias,  the  number  of  spikes  evoked  by 
single  or  paired  dorsal  root  stimuli  was  increased  and  remained  elevated  for  Kverol 
minutes.  These  results  indicate  the  presence  of  post*tetanic  potendadon  of  primary 
afferent  EPSPs  in  oransplart  neurons. 

We  obtained  intracellular  leoards  &oai  8  onits.  EPSPt  with  monosynaptic 
latencies  were  evoked  by  single  shock  sriimilarion  of  the  dcnal  root  (Fig.2).  In  one  unit 
in  which  recording  was  exceptionally  stable,  the  EPSP  amplitude  was  observed  to 
fluctuate  considerably. 

Discussion 

The  results  of  this  stud)’  demonstnue  dtat  neurons  within  FSC  transplants  can  be 
dhven  synapncally  in  response  to  electrical  sttnmlaiioo  of  scgenerated  DRG  axons.  The 
feazuies  of  die  neunmai  firing  observed  extncellnlaily  in  response  to  samuiadon  of  DRG 
axons  suppon  this  condidon.  SyoapdcaHy-dnyen  mms  ^play  a  variance  in  the  latency 
between  the  onset  of  the  docsal  root  stimulua  and  the  lesoiting  umt  qiUce  that  is  greater 
than  lamnoes  observed  for  anddixmsc  acttvatkm.  This  variance  arises  in  pan  because  ttf 
random  fluctnadons  in  the  ampliindB  of  the  evoked  EPSPs*.  The  latency  variations  that 
we  observed  in  siaide  unit  activity  are  oompaiible  srids  tfacue  expected  of  synaptic 
a^vadon.  Oar  data  indicam  the  presence  of  2  types  of  ftmctiontl  lynapdc  connectiocs 
charactenzed  by  aqppieciable  diffeieaces  in  dm  latency  variance.  Wc  do  not  yet 
understand  die  basis  for  dni  difference,  but  one  poatibUiiy  is  that  these  connectians  differ 
in  strengd: 

Another  feaiure  of  the  unit  activity  we  t^uerved  that  reflects  syoapdc  acdvabon  is 
an  inabiliit'  to  follow  high  frequency  stimalaiioR  of  regenerated  dorsal  root  axons.  Some 
of  the  units  we  encountered  could  vai  fatkm  stanulos  fiteqaeicies  of  lOO  Hz.  Such 
failure  can  be  related  to  depression  of  EPSPs  that  occurs  during  high  frequency 
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■ctivaaon  of  pninary  affeieni  fibers^  la  ±e  cue  of  Mxaidiomic  firing  or  :onducDon 
al(»]g  primary  affereni  fibers,  such  f^uxe  does  not  occur  undi  much  higher  sdmuladoo 
ftequencies  are  employed.  Our  finding  of  enhanced  umi  firing  folloM^mg  a  tram  of  high 
frequency  stimuli  to  the  implanted  dorsal  root  is  also  compatible  with  synapdc  accsiiy. 
In  other  pnmary  afferent  synapses,  such  stimuli  patterns  evoke  post-tetanic  potennation 
of  EPSP  amplitude  that  can  increase  the  probabtHry  of  post-synapac  action  potential 
fixing.  These  extracellular  indications  of  synaptic  activity  were  confirmed  by  our  finding 
of  monosynaptic  EPSPs  during  intracelluiar  recording  fron  several  neurons  located 
within  the  atnsplexus-  These  results  therefore  demonstrate  that  the  regenerated  dorsal 
toot  axon  synapses  that  we  have  pievkmsly  observed  within  tnnsplanu  are  functional  by 
electrophysioiogical  criteria. 

One  way  in  which  oansplana  can  conttibciB  to  recos'cry  of  foncdon  following 
spinal  cord  injury  is  by  serving  as  a  sobstrate  for  the  refdmaoon  of  reflex  arcs.  A 
necessary  component  in  this  process  is  the  type  of  functionai  synapdc  connection  we 
have  now  demonstrated.  Such  connections  complete  the  afferent  limb  of  the  requisite 
reflex  arc.  Less  iaformatioR  is  available  about  the  efferent  bmb  of  such  arcs,  although 
several  possibilities  are  suggested  by  available  anaamiical  data.  One  possibility  is  diai 
the  axons  of  transplant  neurons  project  to  host  mincle  and  in  this  way  reconsdtme  an 
inteiTupied  segmental  reflex. 
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Lcfiend  for  figures 

Fig.  1  The  record  illustrates  an  example  of  syn^mcally’drivtn  neuronal  acavii>-  ir> 

teial  spinal  cord  transplants  following  elnnical  somulauon  of  regenerated  dorsal 
root  fibers. 

Fig.  2  The  record  shows  an  example  of  an  intracellular-iecorded  EPSP  and  acnon 
potennai  taken  from  feul  spinal  cord  transplants  following  donai  .'ooi 
Stimulauon. 
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Summary 

Severed  doniai  root  axons  tcgenerue  into  the  sanspUmts  of  feuj  spinal  cord 
(FSC)  anc  form  $>'napses  there.  It  is  unknown  whether  the  growth  is  specific  ro 
transplants  of  d<»aal  half  FSC.  a  normal  target  of  most  dorsal  root  axons,  or  whether  u  is 
due  to  properties  shared  by  transplants  of  ventral  half  FSC.  We  used  calcitonin  gene- 
leJated  peptide  immunchistoebemistry  to  label  subsett  of  regenerated  host  dorsal  root 
axons,  and  morphometric  analysis  to  compare  neuronal  populadons  within  both 
transplants.  Adult  Sptague-Dawley  rats  received  intraapinal  grafts  of  dorsal  or  ventral 
half  FSC  <i£l4)  and  the  LdorLS  donal  root  was  cut  and  juxtsqtosed  to  the  grafts  Three 
months  later  sagittal  sections  were  ptepaied  for  wnmimoiiiitochesni  stry  and  Nissi-Myehn 
stain.  Histograms  of  penkaryai  area  showed  that  the  transplants  of  dmsal  half  FSC 
consisted  of  small  neurons  predominantly,  whereas  transplants  of  vemtai  half  FSC 
consisted  of  neurons  of  variable  sines.  Dcnal  root  axons  regetieraied  into  both 
tzansplanis.  but  growth  into  dorsal  half  FSC  was  more  lobosi.  These  rtsuics  indicate  that 
both  transplants  provide  an  environment  that  supports  dorsal  toot  regeneiadon.  but  that 
the  environment  provided  by  dorsal  half  FSC  is  man  fovorable.  Transplants  of  dorsal 
half  FSC  may  offer  advantages  for  the  iong-«nQ  goal  repairing  of  damaged  spinal 
cord  circuits 

Keywords.  Embryonic  spinal  cord  tnnsplant;  dorsal  root  ganglion  neuron: 
regeneraxion  :  dorsal  half  of  fetal  spinal  corI 

Introduction 

The  cut  central  axons  of  adult  rai  dacsal  root  ganglion  vlHlC)  neurons  do  not 
penetrate  the  spinal  cord'.  When  cransplancs  of  fetal  spinal  cord  (FSCi  are  substiTUtec  for 
adult  spinal  cord,  however,  cut  ORG  axons  regrow  into  the  transplants  and  esi^lisb 
synapses  there>^  *.  The  extent  to  which  dorsal  root  axons  labeled  for  calcitonin  gene* 
lelamd  peptide  iCGRP)  regenerate  into  fee  tranqiiants  persists  unchanged  for  over  60 
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wMks  a/fcr  grafr*.  It  is  ihatfote  suggestive  of  the  proposal  that  FSC  transpUnis  can  be 
used  to  repair  damaged  sptnai  cord  circuin.  It  is  unknown  whether  the  growth  is  specific 
to  donai  half  FSC  cransplants.  a  normal  target  of  most  DRG  axons,  or  whether  t(  due 
to  properties  shared  by  ventral  half  FSC  trantplaats. 

In  me  piesent  study  we  used  CCRP  unstunohistochemistry-  to  tafae!  subsets  or 
legcn^aied  dorsal  root  axons  because  many  DRG  oearoos  are  immunofeacdve  for 
CGRP  and  because  we  have  found  it  to  be  a  mans  aaosiiive  indicatnr  of  legeneraiec 
axons  than  methods  that  rely  on  axon  trasuqsoR  or  diffusion  of  HRP^’.  We  also  used 
morphcmeinc  analysis  to  compare  nruroiud  papulations  within  both  transplants. 

Materials  and  Methods 
Jttrgery 

Twenty  seven  female  adult  (200'300g)  Sp^^pJe•Dawley  mu  weit  used  as  graft 
tecipiems.  The  rau  wen  anestfaetixed  wuh  hetanrine  (76ag/kg).  xylazioe  <7.6mg/kgi. 
and  aceproniai3ne(0.6nig/kS)<tnd  the  lumbar  ealarigement  was  exposed.  After 
transection  of  the  left  L4/L5  dorsal  root,  the  distal  ponioo  of  the  root  was  leflected 
caudally.  A  dorsal  quadrant  cavity  was  aspinied  fiom  the  lumbar  eolargemetu.  Dorsal 
half  (N*  IS>  and  venttil  half  fN=12)  of  spaal card  wtie  dissected  from  homoiogoas  rat 
pups  ('£14)  and  introduced  into  the  cavity.  The  cm  dorsal  toot  stump  was  juxtaposed  to 
the  dorsal  surface  of  the  tnnsplams.  The  superficial  wound  were  closed  in  layers. 

CGRP  Imirmnohistochtmutry 

Three  mtmths  later  the  animals  were  deejdy  anesdteiued  with  N'embutai 
(SOmg/kg,  i.p.I  wd  peifused  with  4%  paialbcmaldebyde  in  0  1  M  phosphate  buffer 
pH7.4  To  identify  regenerated  axons,  eveiy  fifth  cryostat  section  (14  pm)  in  sagina) 
plaae  was  processed  for  CGRP  unmunohissochemiatry.  Secoons  wen  leacied  with 
primary  annserum  against  CGRP.  and  immersed  in  bioday'uttd  goat  andrabbii  IgG  and 
avidin -biotinylated  bonemdith  peroxidase  complex.  The  chromagen  was  DAB. 
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To  evaluate  traaspiant  morphology  and  the  dorsal  root-oaospiant  and  transplani- 
host  spinal  cord  inieifaces.  the  adjacent  lectioas  we*e  stained  with  cyanine  R  fot  mydin 
and  counterstained  with  cresyi  violet.  This  procedure  has  been  descnoed  in  dcuu!-’-'  ’ 
Qmnutauve  anafysii 

The  extent  to  which  CGRP-labeled  axOns  legenenued  into  transplants  was 
measuted  tor  donal  half  FSC  (N=5)  and  ventnl  half  FSC  (N=S)  transplants.  We  used  a 
poini-coundng  siereoiogical  analysis  to  measure  the  area  occupied  by  CXlRP-labeled 
axons.  Sagittal  sections  that  contained  labeled  axons  were  examined  under  a  light 
microscope.  A  microroeier  10  mm  x  10  mm  in  sian  (10*  composed  of  1 -mm  gnd 
squares  (Olympus.  Tokyo)  that  was  fined  in  an  ocular  lens  was  used  as  a  sampling 
lanice.  and  the  number  of  dmes  that  CGRP-iabeled  axou  intenecied  the  comers  of  the 
grid  squares  was  counted  To  evaluate  the  arborization  of  CORP-imoiunoreaciive  sxons, 
we  also  measured  the  distribution  of  labeled  axons  in  3  sagittal  sections  by  making 
composite  monuges  that  consisted  of  all  dre  individDal  sampling  Unices  examined  and 
the  results  were  averaged.  These  procedures  have  been  descnbed  in  detail*. 

To  compare  the  neuronal  popoladoos  in  bodi  tran^lants.  sagittal  scctunts  stained 
with  ctesyi  violet  and  cyanine  R  were  examined.  Perikaryal  area  of  cells  contained  in  a 
sampling  rectangle  (7,450  was  measured  using  a  Braquant  StTfem  IV  (RAM 

Biomemcs.  TN).  Three  consecutive  sectkxu  were  examtncd  per  transplant.  A  histogram 
was  made  from  these  data  to  show  the  differences  of  ceJIular  composition  between  both 
transplants. 

The  sigraficance  of  the  differences  between  both  aaniplams  was  determined  by 
Mann-Whitney  two  sample  test  ip<0.05). 

Results 

Transplants  of  dorsal  and  ventral  half  FSC  survive  in  the  adult  host  spuial  cord 
and  differennate  into  patcems  that  are  charecreristic  for  each  regioa.  Dorsal  half  FSC 
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mmsplants  contain  lesions  that  resemble  substantia  gdatinosa  based  on  die  ptesencs  ot 
numerous  small  neurons  and  relative  paucity  ctf  myelination.  Ventral  half  FSC 
transplants  composed  of  neurons  of  variable  sues  and  showed  abundant  myelinaoon 
Transplants  art  generally  welJ*iniegrated  with  host  dorsal  root  and  spinal  cord 
CGJtP  immunohisrochemistry 

Dorsal  root  axons  immunoreactive  for  CGRP  regenerate  toco  every-  transplant 
examined.  CGRP-labeled  axons  show  disanctive  patterns  of  dittribunon  within  both 
transplants  In  dorsal  half  FSC.  CX3RP-labeled  axooa  arborize  extensively  near  the 
surface  of  transplants  and  in  some  portions  die  axons  form  dense  bundles  (Fig.l In 
ventral  half  FSC,  CGRP-immunoieacdve  axons  extend  sparsely  but  diffusely  through  the 
cransplaou  and  individual  axons  but  not  bundles  of  axons  can  be  tecognized  (Fig.2 ). 
Quantiiaave  analysis 

The  point'Countiog  steteoiogical  analysis  shows  the  area  ftacnon  of  both 
transplants  occupied  by  TCgenerated  CGRP-labeled  axons.  In  dorsal  half  FSC  transplants 
these  axons  occupy  a  mean  area  of  5.42  x  10*  iixn^.  In  ventral  half  FSC  the  area 
occi^ed  IS  approximately  40%  of  due  in  donal  half  FSC.  Regenerated  CGRP-labeled 
axons  theiefoie  occupy  a  sigmflcxnily  larger  area  in  docsal  half  FSC  than  in  ventral  half 
FSC  (Fig.3)  The  mean  area  of  CGRP-innervased  r^ions  widtan  dorsal  half  FSC  is  not 
significantly  diffeiem  mnn  that  within  vential  baif  FSC. 

Based  on  the  peiilcaryal  area  of  neorons  withas  the  naniplants .  we  ciassifiod  die 
neurons  into  3  groups:  small-sized  neurons  (SO  •  150  inediom-sized  neurons  ilSO  - 
300  4m>):  large-sized  oeurons  fmme  dun  300  (un^).  Dorsal  half  FSC  transplants  include 
small-sized  neurons  significandy  greater  dun  ventral  half  FSC  transplants,  wluieas 
ventral  half  FSC  contain  medium-  and  large-sized  neurons  greater  dian  dorsal  half  FSC 
These  results  confirm  our  qualitative  observadons. 
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Disciission 

The  ptnem  and  extent  of  dorsal  root  ingrowth  differed  between  transplants  of 
dorsal  half  and  ventral  half  of  FSC  la  dorsal  half  FSC  regenerated  axoas  saved 
reiatively  close  to  the  host  dorsal  roof^inuisplaat  interface,  arboriaed  extensively,  asd 
were  often  angled  together  in  plexuses.  In  ventral  half  FSC  regenerated  axons  were 
distributed  widely  and  ^rarsely.  and  grow  as  individual  axons  rather  than  tn  bundles  or 
plexuses.  These  qualitative  morpholopcal  ohtexvatwos  wese  confirmed  by  oor 
quantiadve  studies.  Although  cut  dorsal  roots  labeled  for  CXIRP  regenerate  into  both 
Bansplancs,  the  area  occtqsied  by  regeneraiBd  CCRP*iabeied  axons  within  dorsal  half 
FSC  is  more  robust  than  ventral  half  FSC  Both  tzin^lan^  therefore  provide  an 
environment  conductive  to  dorsal  root  le^acndott,  but  donal  half  FSC.  a  nosmal  target 
of  most  primary  afferent  fibers,  provide  additional  moro  qsecific  cues  for  growth  It  is 
unlikely  that  in^>propriate  targets  taken  fion  ventnl  half  FSC  reproduce  preciMly  the 
conditions  found  in  dorsal  half  FSC.  Growth  into  iuaiqxupiiaie’targets  is  therefore 
consisienT  with  the  concept  diat  the  eaxiy  stages  of  axon  exKimon  depend  on  molecules 
that  are  expressed  genentUy  throughout  the  developiag  nervous  system- . 

Our  observations  th«t  regenerated  DRG  axons  grew  more  densely  within  dorsal 
half  FSC  than  ventral  half  FSC  suggest  the  presence  of  target-specific  cues  for 
pathfinding  and  target  recognition  dtataie  not  provided  by  vcnizal  half  FSC-  These 

results  are  similso’  to  diose  of  in  vitro  studies  showing  diat  neuhtes  of  explasied  fetal 
DRG  axons  grew  and  arborined  more  abundantly  within  oo-cultored  expiants  of  spinal 
cQsd  than  of  tectum*.  Surface  macrornolgculrt  Itkely  to  mediate  the  formaritMi  of  specific 
pathways  include  glycoproteins  that  are  eiqaesaed  transiently  by  discrete  populations  of 
neurons'. 

Since  there  is  a  ventral-io-dorsal  gradient  of  pralifieiation  in  the  development  of 
epinal  cord,  the  ventral  motor  system  develops  eariter  than  the  dorsal  sensory  system 
does.  As  development  proceeds,  proli&niian  daninishea  in  the  ventral  cord,  and  by  £15 
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only  the  mosi  dorsal  portion  of  the  ventricular  zone  remains  active  Since  adult  dorsal 
roots  begin  to  regrow  into  the  FSC  transplants  soon  after  gnft^.  at  the  eady  sage  of  the 
axon  elonganon  regeneration  of  adult  rat  dorsal  itxxa  is  likely  to  be  addiiionalK 
enhanced  by  the  precusor  neurons  temained  in  the  dorsal  cord. 

Our  results  suggest  that  ventral  half  FSC  as  well  as  dorsal  half  FSC  provide  die 
condidons  under  which  cut  dorsal  root  axons  can  grow  and  survive.  The  condidons  that 
consdtute  a  permissive  eovnonment  foe  legenemutg  axons  are  therefore  relatively 
nonspecific,  but  dorsal  half  FSC  cnn^lants  nevenhekss  differ  in  the  extent  to  which 
they  udsfy  die  requirements  for  growth  of  donal  roots.  Hie  results  suggest  that  dorsal 
half  FSC  transplant  supply  addidonal  mote  ipedfic  cues  for  pathfinding  and  target 
recognidon 
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Legend  for  figures 

Fig.  1  CGRP-unmunoKeective  axons  in  die  muplaats  of  dorsal  hair  of  E 14  spinal  cord 
3  moRtbs  afier  transplanutioo.  Sagioai  secdoo.  Regeneiated  axons  cross  the 
inienace  tazrows)  between  host  dorsal  root  (DR)  and  cranspiani  (TP)  and  form 
dense  plexus  (*>  near  the  interface,  buerfsce  was  idenuued  in  the  adjacent  N'issi- 
stained  section.  BarslOO  iim. 

Fig.2  CGRP-immunoreactive  axons  in  the  transplants  of  ventral  half  of  E 1 4  spinal  cord 
3  months  ader  transplantation.  Sagittal  secdoo.  Regenerued  axons  cross  the 
dorsal  root  (DR)-transpUni  (TP)  interface  (atrows)  and  grow  extensively  wuhin 
the  transplant  without  the  fonnanon  of  obvious  ptexuses. 

Fig.3  Regenerated  dorsal  root  axcms  immunoceacdve  fijr  CGRP  occupy  a  significantly 
larger  area  in  the  transplanu  of  doisal  half  FSC  dun  vemni  half  F$C.  Area 
occupied  by  CGRP-lateled  axons  is  calculated  by  point-counting  stereological 
analysis  (see  text) 
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Comparison  of  Area  Occupied  by 
CGRP-Labeled  Axons 

(Mean  ±  S-E.M.) 


I>orsal  half 
transplant 


Ventral  half 
transplant 
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Abstract 

Many  conditions  are  thought  to  contribute  to  neuron  death  after  axotomy,  including 
immaturity  of  the  cell  at  the  time  of  injury,  inability  to  re-establish  or  maintain  target 
contact,  and  dependence  upon  trophic  factors  produced  by  tai^ets.  Exogenous 
application  of  neurotrophic  factors  and  transplants  of  peripheral  nerve  and  embryonic 
CNS  tissue  temporarily  rescue  axotomized  CNS  neurons,  but  permanent  rescue  may 
require  transplants  that  are  normal  targets  of  the  bt  jured  neurons.  To  determine 
whether  this  is  true  of  adult  and  immature  spinal  cord  neurons,  we  examined  the 
requirements  for  survival  of  axotomized  Clarke’s  nucleus  (CN)  neurons.  CN  in  the  rat 
consists  of  columns  of  neurons  whose  axons  ascend  ipsilaterally  in  the  lateral  funiculus  to 
more  rostral  levels  of  the  spinal  cord  and  cerebellum.  Two  months  after  right-side 
hemisection  of  the  spinal  cord  at  the  T8  segment  there  was  a  30%  loss  of  neunms  at  the 
LI  segment  in  adult  operates  and  a  40%  loss  in  neonates.  In  both  age  groups,  neurons  of 
all  sizes  were  lost,  but  Jt  was  primarily  the  medium  and  large  neurons  that  either  died  or 
atrophied.  Transplants  of  embryonic  spinal  «»rd,  cerebellum,  and  neocortex  inserted  into 
the  T8  segment  at  the  time  of  hemisection  prevented  virtually  all  of  the  cell  death  in  both 
adults  and  neonates,  but  transidants  of  embryonic  striatum  were  ineffective.  None  of  the 
transplants  prevented  axotomy-induced  somal  atrophy.  Prelabriing  CN  neurons  by 
retrograde  transport  of  fluoro-gold  (FG)  demonstrated  that  33%  of  aU  CN  neurons  at  LI 
project  to  the  cerebellum,  50%  of  these  died  ftdlowing  a  T8  hemisection,  but  all  these 
projection  neurons  were  rescued  by  a  transplant  of  embryonic  spinal  cord  (the  only 
transplant  type  studied  under  these  conditionsX  These  results  suggest  that  the  rescue  of 
axotomized  CN  neurons  is  relatively  speciHc  for  the  normal  target  areas  of  these  neurons, 
but  this  specificity  is  not  absolute  and  may  depend  on  the  distribution  and  syntheris  of 
particular  neurotrophic  agents. 

Key  words:  regeneration,  neuronal  cell  death,  neurotrophic  factors,  transplants, 
axotomy,  Clarke’s  nucleus 
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Many  neurons  pass  through  a  deveiopmental  stage  in  which  their  survival  depends 
on  factors  derived  from  their  normal  targets  (reviewed  in  Purves  and  Lichtman  1985; 
Jacobson  1991).  The  survival  of  some  neurons,  such  as  those  of  the  sympathetic 
ganglia,  depends  on  target-derived  neurotrophic  factors  throughout  their  lives  (Ruit 
et  al.  1990).  For  other  neurons,  however,  the  degree  to  which  this  dependence 
continues  in  the  newborn  and  adult  is  unclear. 

It  is  unknown  therefore  whether  neuron  death  after  axotomy  in  adults  is  due 
to  loss  of  target  derived  factors,  but  several  lines  of  evidence  are  consistent  with  this 
hypothesis.  Injured  neurons  that  would  otherwise  die  following  axotomy  have  been 
rescued  by  several  different  interventions.  Embryonic  transplants  of  normal  target 
(Bregman  and  Reier,  1986;  Haun  and  Cunningham  1987;  Sievers  et  al.,  1989;  Tuszynski 
et  al,  1990,  Rinaman  and  Levitt,  1991)  or  peripheral  nerve  grafts  (Bray  et  al,  1987; 
Villegas-Perez  et  at,  198^  Messersmith  et  aL,  1991)  have  rescued  axotomized  CNS 
neurons  at  least  temporarily  and  in  some  experiments  permanently.  Axotomized 
neurons  can  also  be  rescued  by  exogenous  application  of  known  factors  synthesized 
by  the  normal  target  or  nonneuronal  ceils  along  the  axonal  pathway  such  as  nerve 
growth  factor  (NGF,  Yip  et  al,  1984;  Hefti,  1986;  Williams  et  aL,  1986;  Kromer,  1987; 
Verge  et  al,  1980,  Fischer  and  Bjorklund,  1991X  ciliary  neurotrophic  factor  (CNTF, 
Sendtner  et  al,  1990, 1992),  interleukin-ip  (IL-ip,  Spranger  et  al,  1990),  or  one  of  the 
family  of  fibroblast  growth  factors  (FGFs,  Sievers  et  aL,  1987;  Anderson  et  al,  1988; 
Mattson  et  al,  1989)i  Target  derived  factors,  as  yet  uncharacterized,  have  been 
extracted  from  conditioned  cell  culture  medium  that  also  show  neurotrophic  effects 
in  neonate  and  adult  operates  (Eagleson  et  al,  1990, 1992). 

Permanent  survival  after  axotomy,  however,  may  require  axon  growth  and 
the  reestablishment  of  synaptic  connections  with  a  specific  target  (Villegas-Perez  et 
al,  198^  Keirstead  et  al,  1%9)  or  the  sprouting  of  surviving  collateral  axons  (Bleier, 
196^,  Fry  and  Cowan,  1972;  Sofroniew  and  Isacson,  1988).  In  newborn  rats,  for 
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example,  regenerating  axons  of  rubrospinal  neurons  initially  invade  transplants  of 
either  their  normal  target  or  of  targets  that  they  do  not  encounter  during  normal 
development  ("inappropriate"),  but  later  these  neurons  retract  their  axons  from  an 
inappropriate  target  (Bregman  and  Kunkel-Bagden,  1988).  This  implies  that  at  least 
some  CNS  neurons  require  specific  target  derived  factors  to  maintain  their 
regenerated  axons.  Dorsal  root  ganglion  (DRG)  neurons,  however,  regenerate  and 
maintain  dorsal  root  axons  in  different  types  of  intraspinal  transplants,  some  of 
which  are  not  normal  targets  (Itoh  and  Tessler,  1990). 

Neuron  survival  following  axotomy  is  a  necessary  prerequisite  for  axon 
regeneration  and  the  restoration  of  normal  neuronal  circuitry.  It  is  important, 
therefore,  to  understand  the  requirements  for  survival  and  to  develop  methods  for 
providing  these  conditions.  Factors  that  promote  neuron  survival  and  regeneration 
need  to  be  identified  Since  it  continues  to  be  technically  difficult  to  deliver 
biologically  active  factors  exogenously  to  injured  CNS  neurons,  transplants  of 
specific  CNS  regions  provide  a  strategy  for  identifying  and  fulfilling  the  conditions 
necessary  for  neuron  survival.  We  sought  to  determine  whether  a  well  defined 
population  of  intra-spinal  neurons,  those  of  Clarke’s  nucleus,  can  be  rescued  by 
transplants,  whether  the  requirements  for  survival  are  region  specific,  and  if  the 
requirements  for  survival  of  neurons  axotomized  in  adults  are  similar  to  those 
axotomized  in  newborns. 

Clarke’s  nucleus  (CN)  forms  bilateral  columns  extending  from  C8  to  L3  in  the 
medial  aspect  of  the  rat  spinal  cord  (Matsushita  and  Hosoya,  1979).  Its  boundaries 
are  distinct  and  readily  recognized.  The  nucleus  lies  subjacent  to  the  corticospinal 
tract,  which  lies  at  the  base  of  the  dorsal  funiculus,  and  laterally  is  outlined  by  large 
blood  vessels  and  heavily  myelinated  fascicles  from  the  medial  division  of  the  dorsal 
root.  CN  axons  ascend  ipsilaterally  to  more  rostral  levels  of  the  spinal  cord  and 
cerebellum,  coursing  in  the  dorsal  portions  of  the  lateral  funiculus  as  the  dorsal 
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spinocerebellar  tract  (DSCT)  (Oscarsson,  1965;  Mann,  1973;  Matshusita  and  Hosoya, 
197^,  Grant  and  Xu,  1^).  Hemisection  of  one  side  of  the  spinal  cord  therefore 
axotomizes  only  the  ipsilateral  CN  and  the  contralateral  CN  neurons  can  serve  as  an 
internal  control  for  experimental  studies. 

Axotomy  produces  extensive  CN  cell  death  which  is  apparent  by  4  weeks  in 
neonates  (Stelzner  et  aU  1975;  Smith  and  Castro,  1979)  and  by  2  months  in  adults 
(Feringa  et  al,  1987).  In  many  neural  systems  cell  death  after  axotomy  in  neonates 
exceeds  that  which  follows  the  same  injury  in  adults  (Prendergast  and  Stelzner,  197^ 
Bregman  and  Goldberger,  1983;  Himes  and  Tessler,  1989,  Xu  and  Martin,  1989  &  1990). 
Another  goal  of  the  present  study  was  to  compare  cell  survival  in  CN  after  axotomy 
in  adults  and  neonates. 


Materials  and  Methods 

Animals 

Eighty-four  Sprague-Dawley  rats  (Zivic-Miller,  Allison  Park,  PA)  of  either 
sex  were  studied.  Neonates  were  anesthetized  by  hypothermia  and  underwent 
surgery  on  the  second  or  third  day  after  birth  (P2-P3).  Adults  (60-150  days  of  age  and 
weighing  200400  grams)  were  anesthetized  with  an  intraperitoneal  injection 
consisting  of  xylazine  (10  mg/kgX  ketamine  (95  mg/kgX  and  acepromazine  maleate 
(0.7  mg/kgX  Control  animals  were  age-matched  for  both  neonate  and  adult  operates. 

Transplant  tissue  was  taken  from  the  embryos  of  timed  pregnant  Sprague- 
Dawley  rats.  The  day  of  insemination  was  designated  as  EO.  Donor  females  were 
anesthetized  with  chloral  hydrate  (35  mg/kg,  i.p.  injection)  and  euthanized  with  an 
overdose  of  the  same  anesthetic  after  removal  of  the  embryos. 

Prior  to  perfusion  all  animals  were  deeply  anesthetized  with  an  overdose  of 
sodium  pentobarbital  (75  mg/kg,  i.p.  injection). 


Sureery  and  tissue  Dreporation 


The  spinal  cord  of  deeply  anesthetized  rats  was  exposed  by  partial  dorsal 
laminectomy  just  caudal  to  the  blood  supply  of  the  dorsal  fat  pad  (T7-T8  spinal  cord 
segment^  The  dura  was  opened  longitudinally  at  the  midline  and  a  cavity  1-3  mm  in 
length  was  made  by  aspiration  from  the  right  side  of  the  spinal  cord.  The  lesion 
completely  interrupted  the  lateral  funiculus,  including  the  axons  of  the  DSCT 
which  lie  in  the  dorsolateral  funiculus  (Fig.  l)t  Also  damaged  by  this  lesion  were 
regions  of  ipsilateral  gray  matter,  dorsal  funiculus,  and  ventral  funiculus.  Segments 
of  tissue  of  appropriate  size  and  age  were  dissected  from  embryos  and  introduced 
into  the  cavity  using  methods  described  previously  (Reier  et  al,  1986)l  The  four 
types  of  tissue  used  for  grafting  were  E14  thoracic  spinal  cord,  E15  cerebellum,  E14 
occipital  cortex,  and  E14  striatum.  In  lesion-only  animals  the  cavity  was  filled  with 
gelfoam.  In  adults  the  dura  was  closed  with  10-0  suture.  In  neonatal  operates  the 
edges  of  the  dura  were  reapposed  but  not  sutured  The  lesion  site  was  covered  and 
the  muscle  and  skin  closed  in  layers.  Following  surgery  both  adult  and  neonatal 
operates  were  maintained  on  heating  pads  until  fully  awake.  Fully  recovered  pups 
were  then  returned  to  their  mother. 

Sixty  to  90  days  following  surgery  the  rats  were  deeply  anesthetized  and 
perfused  through  the  heart  with  normal  saline  followed  by  4%  paraformaldehyde  in 
01  M  phosphate  buffer,  pH  7.4.  The  LI  spinal  cord  segment  and  lesion  site  were 
removed,  dehydrated  and  embedded  in  paraffin.  The  T7-T8  lesion  segment  was 
serially  sectioned  at  15  ^,m  and  stained  with  the  Nissl-myelin  stain  (see  below)  to 
verify  complete  DSCT  section  ipsilateral  to  the  lesion  without  damage  to  the 
contralateral  DSCT.  The  presence  of  a  transplant  in  animals  that  had  received  a 
transplant  was  also  confirmed.  If  the  lesion  partially  spared  the  ipsilateral  DSCT, 
damaged  the  contralateral  DSCT  or  if  no  transplant  remained  in  the  lesion  cavity  of 
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a  rat  that  had  received  a  transplant,  the  animal  was  not  included  in  the  quantitative 
analysis. 

Cell  countine  and  cell  size  analysis  of  CN  neurons 

All  results  were  obtained  from  CN  in  the  LI  spinal  cord  segment.  If  the 
animal  was  in  one  of  the  operate  groups,  the  data  were  collected  2-3  months 
following  surgery.  The  quantitative  analysis  of  CN  neurons  was  performed  on 
sections  stained  with  a  Nissl-myelin  stain.  The  paraffin  embedded  LI  spinal  cord 
segment  was  cut  serially  in  cross  section  at  10  p.m.  Sections  were  mounted  on 
albumin  coated  slides  and  stained  to  demonstrate  myelin  sheaths  with  the  Cyanine 
R  method  of  Clark  (1981)  and  counterstained  with  cresyl  violet  acetate. 

In  every  tenth  section  the  area  of  CN  was  measured,  CN  neurons  with  a 
visible  nucleus  counted,  and  the  cell  soma  area  measured  with  the  Bioquant  Im^ge 
Analysis  System  attached  to  a  Leitz  Dialux  microscope  at  a  final  magnification  of 
678x.  Neurons  were  classified  an  the  basis  of  soma  area  as  being  small  (<200  ^.m^X 
medium  (>200  (xm^  and  <400  ixm^)  or  large  (>400  )xm^X  Similar  criteria  have 
previously  been  used  for  CN  analysis  in  the  cat  (Loewy,  1970X  Corrected  cell  counts 
were  obtained  with  the  following  procedure.  Nuclear  diameters  were  measured  at  a 
magnification  of  102Sx  for  a  minimum  of  50  nuclear  profiles  from  both  CN  in  each 
LI  segment  These  data  were  then  processed  by  means  of  the  Hendry  (1976)  analysis 
as  modified  by  Smolen  et  aL  (1983)  to  obtain  a  factor  for  corrected  neuron  counts. 
Total  neuron  number  was  determined  by  the  formula:  (correction  factor  x  raw  cell 
counts  x  distance  between  sections)  /section  thickness.  A  paired  comparison  t-test 
was  used  to  analyze  the  numerical  data  for  side  to  side  differences  within  groups  for 
3  variables:  the  area  of  the  CN,  mean  cell  size,  and  total  neuron  number.  The 
analysis  was  performed  separately  for  adult  and  neonate  grouf^.  The  groups 
compared  were  normal  animals  (N=6X  animals  with  T7-T8  hemisection  alone  (N=6X 
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and  hemisected  animals  with  a  graft  of  one  of  the  four  different  types  of  embryonic 
CNS  transplant  (N=6  for  each  group).  In  all  cases,  analysis  of  the  numerical  data 
with  a  one  way  ANOVA  showed  that  CN  of  intact  controls  did  not  differ 
statistically  from  the  contralateral  CN  of  lesioned  animals  in  any  group  for  any  of 
the  variables  measured.  Therefore  we  used  the  lesion/control  ratio  of  each  animal 
as  the  basis  for  comparison.  Overall  significance  of  the  ratio  data  was  determined 
by  the  Kruskal-Wallis  one  way  ANOVA  (p<0.05).  If  significant  differences  were 
present,  individual  posthoc  comparisons  were  made  with  the  Wilcoxon-Mann- 
Whitney  test  corrected  for  multiple  comparisons  (Kirk,  1968X  All  statistical  analyses 
were  performed  with  the  Number  Cruncher  Statistical  System  program  (Dr.  Jerry  L. 
Hintze,  Kaysville  UT). 

Retrograde  labeline  of  CN  neurons  proiectine  to  the^cerebellum 

To  determine  whether  CN  neurons  whose  axons  project  to  the  cerebellum 
were  among  those  rescued  by  transplants,  we  used  the  fluorescent  tracer  Fluoro-gold 
(FG,  Fluorochrome,  Inc,  Englewood,  CO).  After  retrograde  transport  FG  remains  in 
the  soma  of  adult  rat  neurons  for  at  least  2  months  (McBride  et  aL,  1988).  The 
anterior  lobe  of  the  cerebellum  was  exposed  by  a  midline  incision  in  the  skin  and 
removal  of  the  interparietal  bone  with  a  surgical  drill.  The  underlying  transverse 
venous  sinus  and  the  superior  cerebellar  artery  were  preserved.  Multiple  bilateral 
injections  of  a  2%  aqueous  solution  of  FG  (total  volume  5  jtl)  were  made  through  a 
glass  pipette  (tip  diameter  50  ^m)  attached  to  a  10  p.1  Hamilton  syringe.  The  opening 
in  the  skull  was  then  covered  with  bone  wax  and  the  wound  closed  in  layers.  Four 
animals  had  no  additional  procedures  and  served  as  normal  controls.  Seventy-two 
hours  after  FG  injection  into  the  cerebellum,  a  hemisection  cavity  was  made  in  the 
T7-T8  spinal  cord  segment  of  8  additional  adults  and  then  filled  either  with  gelfoam 
(N=4)  or  a  transplant  of  E14  spinal  cord  (N=4).  After  a  2  month  survival  period,  the 
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animals  were  perfused  through  the  heart  with  a  flush  of  phosphate  buffered  saline 
(PBS)  followed  by  fixative  containing  4%  paraformaldehyde  and  0.02%  picric  acid  in 
OJl  M  phosphate  buffer,  pH  7.4.  The  lesion  site,  LI  spinal  cord,  and  cerebellum  were 
placed  in  OiM  phosphate  buffer  containing  30%  sucrose.  The  lesion  site  was  studied 
as  described  above.  The  cerebellum  and  LI  spinal  cord  segment  were  sectioned  at  10 
ixm  on  a  cryostat  and  the  sections  mounted  onto  gelatin  coated  slides.  After  air 
drying  the  slides  were  briefly  immersed  in  xylene,  coverslipped  using  DPX 
mounting  media  (Fluka  Chemical  Co.  Ronkonkoma,  NYX  and  observed  by 
fluorescence  microscopy.  Examination  of  the  cerebellum  confirmed  that  the 
anterior  lobe  had  been  labeled  bilaterally  and  symmetrically.  In  the  LI  spinal  cord 
segment  the  number  of  labeled  neurons  in  every  tenth  section  were  counted.  We 
also  stained  a  series  of  adjacent  sections  from  LI  with  the  Nissl-myelin  method 
described  above  and  counted  and  measured  the  neurons  in  CN  at  LL  We 
determined  the  number  of  CN  neurons  at  LI  that  project  to  the  cerebellum  in  adult 
rats,  and  the  number  that  remain  2  months  after  hemisection  alone  or  hemisection 
with  a  transplant  of  E14  spinal  cord.  Comparison  of  the  number  of  Nissl-stained 
cells  with  the  number  of  FG-positive  cells  demonstrated  the  percentage  of  CN 
neurons  in  LI  that  project  to  the  anterior  lobe  of  the  cerebellum.  Comparison  of  the 
mean  size  of  Nissl-stained  cells  to  the  mean  size  of  FG-labeled  cells  demonstrated 
the  size  of  cells  in  CN  that  project  to  the  cerebellum.  Four  additional  series  of 
sections  from  the  LI  spinal  segment  were  used  in  the  immunocytochemical 
experiments  described  below. 

I  mmunocvtochemistrv 

Because  FG  can  be  phagocytosed  by  macrophages  and  microglia  after  the 
death  of  retrogradely  labeled  neurons  (Rinaman  et  aL  1991X  we  used  a  series  of 
antibodies  raised  against  cell-specific  markers  to  confirm  that  FG-labeled  cells 
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observed  in  CN  were  neurons.  These  antibodies  were:  1)  anti-  glial  fibrillary  acidic 
protein  (GFAPX  the  major  protein  found  in  glial  intermediate  filaments  (Bignami 
and  Dahl,  1976;  Eng  et  aL,  1971),  which  recognizes  astrocytes  (Lazarides,  1982).  2)  ED-1, 
which  recognizes  an  uncharacterized  cytoplasmic  antigen  found  in  all  cells  of  the 
rat  macrophage/monocyte  line  (Dijkstra  et  al,  1985;  Sminia  et  al,  1987).  3)  OX-42, 
which  recognizes  the  complement  C3bi  receptor  expressed  by  neutrophils, 
monocytes,  macrophages  and  microglia  (Perry  et  aU  1985;  Robinson  et  al.  1986;  Perry 
and  Gordon,  1987).  4)  anti-  microtubule  associated  protein  IB  (MAPIB),  one  of  the 
components  of  cross  bridges  between  microtubules  (Sato-Yoshitake  et  aU  1989X 
which  recognizes  neurons.  The  immunocytochemical  methods  were  modifications  of 
the  procedure  of  Milligan  et  al.  (1991).  The  antibodies  and  dilutions  used  were:  1) 
GFAP  (Biomedical  Technologies,  Inc.  Stoughton,  MA),  a  polyclonal  antibody  diluted 
IdOOO.  2)  ED-1  (Harlan  Bioproducts  for  Science,  Indianapolis,  IN),  a  monoclonal 
antibody  diluted  ld50. 3)  OX-42  (Harlan  Bioproducts  for  Science)  a  monoclonal 
antibody  diluted  1:500. 4)  MAPIB  (A  generous  gift  from  Dr.  Itzhak  FischerX  a 
poiyclonal  antibody  diluted  LIOOO  (Safaei  and  Fischer,  1989;  Fischer  and  Romano- 
Clarke,  1990X  All  antibodies  were  diluted  in  OJM  PBS,  pH  7.4  containing  2%  nonfat 
dry  milk  (BlottoX  Sections  were  incubated  at  25  overnight  in  a  humid  chamber. 
After  several  rinses  in  PBS  the  appropriate  peroxidase-conjugated  secondary 
antibody  was  applied,  also  diluted  in  Blotto:  for  GFAP  and  MAPIB  a  goat  anti¬ 
rabbit  IgG  (Jackson  Immunoresearch  Labs  Inc.  West  Grove,  PA)  diluted  UOO,  for 
ED-1  and  OX-42,  a  goat  anti-mouse  IgG  (Jackson  Immunoresearch  Labs  Inc.)  diluted 
150.  Specific  staining  was  visualized  by  incubating  the  tissue  with  33- 
diaminobenzidine  tetrahydrochloride  (DAB,  Sigma  Chemical  Co.St  Louis,  MO)  in 
0.05M  Trizma-HCl  buffer.  The  sections  were  then  air  dried,  briefly  immersed  in 
xylene,  and  coverslipped  with  DPX  mounting  media.  This  procedure  preserved 
much  of  the  FG-labeling  in  retrogradely  labeled  neurons  and  allowed  sections  to  be 


9 


viewed  under  brightfietd  illumination  to  visualize  the  DAB  reaction  product  or 
with  fluorescence  microscopy  to  visualize  FG>labeied  cells. 

Results 

Transplant  MorpholoBv 

51  of  52  animals  that  received  grafts  contained  a  transplant  at  the  end  of  the  two 
month  postoperative  survival  period.  One  graft  of  E15  cerebellum  failed  to  survive 
in  an  adult  recipient  and  data  from  this  animal  were  not  included  in  this  study. 
While  the  grafts  lacked  the  overall  structure  of  the  CNS  region  from  which  the 
tissue  was  taken,  some  areas  of  all  transplants  exhibited  morphology  characteristic 
of  the  original  transplant  tissue  (Fig.  2).  Transplants  of  spinal  cord  contained 
myelin-free  regions  with  many  small  neurons  that  resembled  the  substantia 
gelatinosa  (Tessler  et  aL,  198^  iakeman  et  aU  1989).  Cerebellum  transplants 
differentiated  into  molecular,  granular,  and  purkinje  ceil  layers  (Itoh  and  Tessler, 
1990X  Neocortex  contained  mostly  small  to  medium-sized  neurons  characteristic  of 
the  superficial  cortical  layers  (Itoh  and  Tessler,  1990X  Striatal  grafts  contained 
scattered  small  and  medium  neurons  often  arranged  in  clusters  (DiFiglia  et  al.,  1988; 
Labandeira-Garcia  et  aL,  1991).  Transplants  did  not  always  fill  the  lesion  cavity 
completely,  particularly  in  neonatal  operates  where  the  graft  tissue  appeared  to 
grow  more  slowly  than  the  host  spinal  cord.  Transplants  of  neocortex  exhibited  the 
most  exuberant  growth,  in  some  cases  growing  larger  than  the  lesion  cavity  and 
surrounding  the  unoperated  side  of  the  host  spinal  cord 

A  variable  amount  of  gliosis  was  present  at  the  host-transplant  interface.  In 
some  animals  the  glial  scar  was  minimal  and  there  was  a  clear  area  of  continuity 
between  host  and  graft  In  others  the  transplant  was  almost  completely  surrounded 
by  dense  gliosis,  and  there  were  few  regions  of  continuity  with  the  h(»t  spinal  cord. 
In  general  the  presence  of  a  glial  scar  was  more  prominent  in  adult  hosts. 
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Transplants  of  spinal  cord  and  neocortex  were  better  integrated  with  the  host  spinal 
cord  than  transplants  of  cerebellum  and  striatum,  which  were  smaller  and  more 
isolated  by  gliosis.  Within  an  experimental  group  (i.e.  spinal  cord,  cerebellum, 
neocortex,  or  striatum  grafts)  neither  the  size  nor  the  degree  of  integration  of  the 
transplant  had  an  obvious  relationship  to  its  effectiveness  in  rescuing  axotomized 
CN  neurons. 


Effeas  of  Axotomv  and  Fetal  Grafts  on  CN  Neuron  Survival 

Adults  (Table  1)  CN  in  the  LI  segment  of  normal  animals  consisted  mostly  of  small 
and  medium-sized  neurons,  but  approximately  10%  were  large  (>400  p.m^,  Fig.  3,  5)l 
The  neuron  cell  size  distribution  of  CN  contralateral  to  hemisection  alone  or 
hemisection  with  transplant  was  very  similar  to  normal.  Two  months  after 
hemisection  alone  the  area  of  the  nucleus  ipsilateral  to  the  lesion  decreased  by  20% 
and  the  number  of  CN  neurons  decreased  by  30%  (Fig.  4a).  The  cell  size  distribution 
in  CN  ipsilateral  to  the  lesion  was  significantly  altered,  with  some  loss  of  small  and 
medium-sized  neurons  and  almost  complete  absence  of  the  largest  cells  (Fig.  3, 5). 

The  mean  soma  area  of  surviving  neurons  in  CN  ipsilateral  to  the  lesion  alone  was 
30%  smaller  than  that  of  neurons  in  the  contralateral  CN. 

In  animals  with  a  hemisection  and  transplant  of  either  embryonic  spinal  cord, 
cerebellum,  or  neocortex  ,  the  ipsilateral  CN  showed  no  significant  cell  loss  (Fig.  3, 
4a).  Animals  with  a  hemisection  and  embryonic  striatal  transplant,  however,  showed 
cell  loss  comparable  to  that  seen  after  hemisection  alone.  The  area  of  CN  still 
decreased  in  animals  that  had  transplants  of  spinal  cord,  cerebellum,  or  neocortex, 
but  significantly  less  than  after  hemisection  alone  or  after  a  striatal  transplant 
Mean  soma  size  in  all  transplant  groups  was  reduced  to  a  similar  extent  as  after 
hemisection  alone  (Fig.  5).  Large  neurons  we;:e  absent  and  the  number  of  medium- 
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sized  cells  reduced,  but  the  proportion  of  small  neurons  (^00  fim^)  increased. 

Spinal  cord  or  cerebellum  transplants  rescued  all  axotomized  neurons.  Animals  that 
received  transplants  of  neocortex  showed  a  small  but  significant  loss  of  the  CN 
neurons  (8%X  but  this  was  significantly  less  than  that  seen  after  hemisection  alone 
or  with  a  transplant  of  striatum.  Transplants  of  spinal  cord,  cerebellum,  and 
neocortex  therefore  rescued  CN  neurons  from  axotomy-induced  cell  death  in  adult 
operates,  whereas  transplants  of  striatum  did  not  None  of  the  transplants 
prevented  atrophy  of  the  cell  bodies  of  surviving  CN  neurons. 

Neonaies  (Table  2)  Hemisection  alone  caused  a  40%  neuron  loss  and  a  40%  decrease 
in  the  area  of  CN  ipsilateral  to  the  lesion  (Fig.  3, 4b).  Neurons  of  all  sizes  were  lost, 
including  almost  all  large  cells  and  many  medium>sized  cells  (Fig.  6)l  The  cell  size 
distribution  in  CN  contralateral  to  the  lesion  was  similar  to  that  seen  normally. 

Two  months  following  hemisection  and  insertion  of  a  spinal  cord,  cerebellum, 
or  neocortex  transplant  there  was  complete  rescue  of  axotomized  neurons  in  CN  of 
the  LI  segment  As  in  the  adult  operates  transplants  of  striatum  were  ineffective 
(Fig.  3, 4b).  In  the  three  transplant  groups  that  rescued  CN  neurons,  the  area  of  CN 
ipsilateral  to  the  lesion  was  reduced  by  20%,  but  remained  significantly  larger  than 
after  hemisection  alone.  None  of  the  transplants  prevented  soma  atrophy  (Fig.  6). 
The  cell  size  distribution  for  all  transplant  groups  was  shifted  to  that  of  the  smaller 
neurons,  and  was  virtually  identical  to  that  seen  in  adult  operates. 
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Survival  of  Cerebellar  Projection  Neurons  (Table  3) 

We  first  examined  the  numbers  and  sizes  of  CN  projection  neurons  in  normal 
adult  rats  by  injecting  FG  into  the  anterior  lobe  of  the  cerebellum.  Two  months 
after  injection,  33%  of  CN  neurons  at  LI  were  FG  labeled.  Bilateral  cerebellar 
injections  produced  symmetrical  numbers  of  FG  labeled  CN  neurons  and  labeled 
neurons  of  all  sizes  (Fig.  7).  The  mean  size  of  FG  labeled  neurons  in  normal  CN  was 
268  p.m^.  This  was  28%  larger  than  the  mean  cell  size  of  the  entire  population  of  CN 
neurons  (Fig.  8).  Small  neurons  (<200  jim^)  represent  approximately  66%  of  CN 
neurons;  of  these  small  neurons  24%  were  FG  labeled.  Neurons  between  200  and  400 
jjim^  comprised  29%  of  the  cells  in  normal  CN  and  88%  were  FG  labeled.  The  largest 
cells  (>400  p.m^)  made  up  less  than  10%  of  the  neuronal  population  of  CN  at  LI  but 
virtually  all  were  FG  labeled  (Fig.  8).  Therefore  CN  neurons  of  all  sizes  send  axons 
to  terminate  in  the  cerebellum,  but  the  greatest  proportion  of  projection  neurons  is 
found  in  the  larger  cells. 

Pre-labeling  CN  neurons  in  adult  rats  before  a  thoracic  hemisection  enabled 
us  to  determine  the  number  of  CN  neurons  projecting  to  the  cerebellum  that  died 
following  axotomy  and  how  many  of  these  were  rescued  by  spinal  cord  transplants. 
CN  contralateral  to  the  lesion  had  similar  numbers  of  neurons  and  a  similar  cell  size 
distribution  as  unoperated  normal  adults.  Two  months  after  hemisection  the 
ipsilateral  CN  at  LI  contained  50%  of  the  number  of  FG  labeled  neurons  present  in 
the  contralateral  CN,  indicating  a  loss  of  half  of  the  FG  labeled  neurons  (Fig.  7, 8). 
The  mean  size  of  surviving  FG  labeled  neurons  ipsilateral  to  the  lesion  was  47% 
smaller  than  in  the  contralateral  CN.  Of  the  surviving  CN  neurons  80%  were  small, 
and  40%  of  these  were  FG  labeled;  19%  were  medium-sized  and  54%  of  these  were 
labeled;  less  than  1%  were  large,  and  all  of  these  were  labeled. 

Following  a  transplant  of  E14  spinal  cord  into  the  hemisection  cavity  there 
was  no  significant  loss  of  FG  labeled  cells  in  the  LI  spinal  cord  segment  of  pre- 
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labeled  animals.  The  CN  contralateral  to  the  lesion  had  similar  numbers  of  these 
neurons  and  a  similar  cell  size  distribution  as  unoperated  normal  adults.  The 
labeled  neurons  in  the  ipsilateral  CN  were  31%  smaller  than  those  on  the 
contralateral  side.  In  this  population  of  surviving  CN  neurons  77%  were  small,  and 
40%  of  these  were  FG  labeled;  23%  were  medium-sized,  and  75%  of  these  were 
labeled;  less  than  1%  were  large  and  all  of  these  were  labeled  (Fig.  7, 8).  These  results 
demonstrate  that  50%  of  axotomized  CN  neurons  survive  even  without  a  transplant 
and  that  transplants  of  fetal  spinal  cord  rescue  all  CN  neurons  which  project  to  the 
cerebellum  but  do  not  prevent  atrophy  of  these  cells. 

Rtmrnqnld  IjiheUd  Cells  are  Neurons 

FG  may  have  been  transferred  from  dying  neurons  to  phagocytic  macrophages, 
microglia,  or  other  adjacent  glial  cells  (Rinaman  et  aL,  1991).  To  confirm  that 
surviving  FG  positive  cells  in  CN  were  neurons,  we  used  four  immunocytochemical 
markers  that  are  specific  for  different  cell  types.  The  LI  spinal  cord  segment  was 
studied  two  months  following  hemisection  alone  or  with  a  transplant  of  £14  spinal 
cord. 

GFAP  (Fig.  9a.)  GFAP  was  localized  to  the  cell  bodies  and  processes  of 
astrocytes  distributed  throughout  the  gray  matter  and  white  matter  of  the  normal 
LI  segment  (Murray  et  aL,  1990).  Two  months  following  hemisection  with  or  without 
a  spinal  cord  transplant,  the  distribution  of  GFAP  immunoreactivity  was  similar  in 
CN  contralateral  and  ipsilateral  to  the  lesion.  Following  hemisection  alone  or  in 
combination  with  an  £14  spinal  cord  transplant,  FG  positive  ceils  within  CN  were 
GFAP  negative,  indicating  that  they  were  not  astrocytes. 

ED-1  (Fig.  9b.)  £0-1  positive  cells  were  present  next  to  blood  vessels 
throughout  the  normal  LI  segment  (Milligan  et  aL,  1991).  Two  months  following 
hemisection  with  or  without  a  spinal  cord  transplant,  large  numbers  of  £D-1  positive 
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cells  appeared  in  regions  of  the  white  matter  ipsilateral  to  the  lesion  that  contained 
degenerating  axons.  The  FG  positive  cells  within  CN  were  ED-1  negative,  indicating 
that  they  were  not  macrophages  or  monocytes. 

OX-42  (Fig.  9c.)  OX-42  positive  cells  were  scattered  throughout  the  normal  LI 
segment  (Milligan  et  al,  1991).  Two  months  following  hemisection  with  or  without 
an  E14  spinal  cord  transplant,  0X42  staining  cells  were  present  in  the  same  regions 
of  the  spinal  cord  that  showed  ED-1  immunoreactivity.  The  FG  positive  cells  within 
CN  were  0X42  negative,  indicating  they  were  not  microglia. 

MAP-IB  (Fig.  9d.)  MAP-IB  was  seen  primarily  in  the  cell  bodies  of  larger  neurons  in 
the  normal  LI  segment  The  nucleus  of  these  neurons  remained  unstained,  allowing 
the  detection  of  FG  labeling.  Two  months  following  hemisection  with  or  without 
an  E14  spinal  cord  transplant,  cells  in  CN  that  were  FG  positive  were  also  MAP-IB 
positive,  identifying  them  as  neurons. 

The  results  of  these  experiments  using  immunocytochemical  markers  confirm 
that  the  FG  positive  cells  in  CN  are  neurons  that  sent  processes  to  the  cerebellum 
and  survived  axotomy. 

Discussion 

The  results  of  this  study  show  that  a  mid-thoracic  hemisection  in  adult  or  neonate 
rats  causes  3040%  of  CN  neurons  in  the  LI  spinal  cord  segment  to  die,  that 
transplants  of  some  but  not  all  regions  of  the  fetal  CNS  prevent  this  axotomy- 
induced  cell  death,  and  that  neurons  whose  axons  project  to  the  cerebellum  are 
among  those  that  are  rescued. 

Some  Axotomized  Neurons  ere  Rexued  by  Transplants 

Transplants  of  embryonic  spinal  cord,  cerebellum,  or  neocortex  prevented 
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axotomy-induced  cell  death  in  both  adult  and  neonates  whereas  transplants  of 
embryonic  striatum  did  not  This  rescue  occurred  regardless  of  the  size  of  the 
transplant  or  how  well  it  was  integrated  with  the  host  spinal  cord.  We  therefore 
hypothesize  that  the  effective  transplants  release  at  least  one  neurotrophic  factor 
which  is  relatively  specific  for  CN  neurons  and  has  a  restricted  distribution  within 
the  CNS  that  includes  CN  target  regions.  Other  injured  CNS  neurons  can  also  be 
rescued  by  grafts  of  their  normal  target  or  factors  derived  from  their  normal  target. 
Developing  dorsal  lateral  geniculate  nucleus  (dLGN)  neurons,  for  example,  were 
temporarily  rescued  by  grafts  of  their  normal  target  but  not  an  inappropriate  target 
(Haun  and  Cunningham  1984, 1987).  Long-term  rescue  of  dLGN  neurons  in  adults 
followed  short-term  infusion  of  a  factor  derived  from  their  normal  target,  implying 
that  even  transient  exposure  can  effect  permanent  rescue  (Eagleson  et  al.,  1992). 
Transplants  of  their  normal  target,  but  not  an  inappropriate  target,  also  ensured 
long-term  survival  of  rubrospinal  neurons  injured  during  development  (Bregman 
and  Reier,  198^  Bregman  and  Kunkel-Bagden,  1^). 

This  specific  relationship  between  CN  neurons  and  their  normal  target  is  not 
absolute,  since  CN  neurons  also  survived  if  embryonic  neocortex,  an  inappropriate 
target,  was  used  as  the  transplant  This  region  of  the  CNS  must  share  some  property 
with  embryonic  spinal  cord  and  cerebellum  which  is  absent  from  striatum  and 
contributes  to  survival  of  injured  CN  neurons.  This  feature  could  be  the  production 
of  one  or  more  neurotrophic  factor(s).  One  candidate  molecule  is  neurotrophin-3 
(NT-3X  a  member  of  the  nerve  growth  factor  (NGF)  family  that  supports  the 
survival  of  embryonic  DRG  neurons  and  other  cell  types  in  vitro  (Maisonpierre  et  aU 
1990a;  Vogel  and  Davies  1991X  Consistent  with  this  idea  is  the  observation  that  high 
levels  of  mRNA  for  NT-3  have  been  found  in  the  developing  cerebellum,  neocortex, 
and  spinal  cord  of  approximately  the  same  age  as  the  embryonic  tissue  that  we 
harvested  for  transplantation,  whereas  the  embryonic  striatum  contained  very  low 
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levels  (Maisonpierre  et  al,  1990b).  The  regional  production  of  such  neurotrophic 
molecules  during  development  could  contribute  to  neuron  survival  and/or 
appropriately  directed  axon  growth  of  particular  neuron  populations.  Very  few  in 
vivo  models  have  been  established  to  study  the  action  of  identified  neurotrophic 
factors  in  the  CNS.  Transplantation  of  regions  particularly  rich  in  certain 
neurotrophic  factors  following  lesion  may  provide  initial  insights  into  the  regionally 
specific  operation  of  these  agents. 

Transplants  of  embryonic  CNS  tissue  may  produce  long-term  rescue  of 
axotomized  neurons  by  serving  as  a  target  in  which  regenerating  axons  form 
synapses  or  as  a  bridge  to  a  target  in  more  rostral  regions  of  the  host  CNS.  Because 
the  mature  CNS  is  not  permissive  to  long  distance  axon  growth  (Schnell  and 
Schwab,  1990,  Savio  and  Schwab,  1990),  axotomized  CN  neurons  in  adult  operates  are 
unlikely  to  have  regenerated  their  axons  through  the  transplant  and  into  rostral 
host  spinal  cord  and  cerebellum.  Their  axons  are  more  likely  to  have  ended  in  the 
transplant  or  in  host  spinal  cord  caudal  to  the  transplant  Axons  from  adult  host 
CNS  neurons  grow  only  short  distances  into  intraspinal  transplants  and  most  of  the 
perikarya  of  these  neurons  are  located  within  a  few  millimeters  of  the  grafts 
(Jakeman  and  Reier,  1991).  The  cut  dorsal  roots  of  adult  rats,  however,  form 
synapses  with  neurons  in  £14  spinal  cord  transplants  although  the  intraspinal 
transplants  are  distant  from  the  perikarya  of  the  regenerating  axons  (Itoh  and 
Tessler,  1990,  Houle  et  at,  1992;  Reier  et  aL,  199^  Tessler  et  al,  1992X  Because  the 
environment  of  the  developing  CNS  is  more  conducive  to  long  distance  axon  growth 
than  that  of  the  adult  CNS,  axons  of  CN  neurons  in  neonates  may  traverse  a 
transplant  and  rostral  host  spinal  cord  to  reach  their  normal  targets.  In  the 
newborn  rat,  regenerating  or  late  growing  axons  of  corticospinal  neurons  and 
serotonergic  and  other  brainstem  neurons  grow  through  fetal  CNS  transplants  and 
into  host  spinal  cord  many  segments  caudal  to  the  transplant  (Bregman  1987; 
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Bregman  et  al,  1989;  Bregman  and  Bernstein-Goral,  1991X 

We  observed  that  transplants  rescued  axotomized  CN  neurons  in  both  adults 
and  neonates  even  when  the  transplants  were  poorly  integrated  with  host  spinal 
cord.  In  these  cases,  transplant  -  host  connections  or  a  bridging  effect  are  unlikely, 
suggesting  that  neuron  survival  does  not  require  direct  contact  with  transplant 
neurons,  but  release  of  diffusible  substance(s)  from  the  graft  (cf.  Eagleson  et  al, 

1992). 

Some  Axotomized  Neurons  Survive  Without  a  Transplant 

Our  present  results  with  FG  labeling  show  that  some  axotomized  CN  neurons 
survive  for  long  periods  even  without  a  transplant  (see  also  Himes  and  Tessler,  1989). 
Why  some  of  these  neurons  survive  axotomy  whereas  others  die  is  not  clear.  One 
likely  possibility  is  that  a  subset  of  CN  neurons  have  axon  collaterals  proximal  to 
the  lesion  which  contribute  to  survival  by  continuously  furnishing  appropriate 
trophic  support.  This  mechanism  has  been  proposed  for  other  types  of  CNS  neurons 
(Bleier,  196^,  Fry  and  Cowan,  1972;  Sofroniew  and  Isacson,  1988X  Evidence  concerning 
the  presence  of  collateral  axons  in  the  vicinity  of  the  cell  body  of  CN  neurons  is 
conflicting  (Boehme,  196^  Rethelyi,  1968;  Randic  et  al,  1981).  However,  in  the  cat,  CN 
neurons  send  collateral  axons  into  rostral  levels  of  the  spinal  cord  (Liu,  1955). 

Several  other  lesion  studies  are  consistent  with  the  idea  that  CN  collateral  axons 
develop  as  the  neurons  mature  and  that  these  leave  the  DSCT  to  terminate  in  the 
spinal  cord  at  more  rostral  levels.  Hemicerebellectomy  in  the  newborn  rat,  for 
example,  causes  extensive  cell  atrophy  and  dendritic  alterations,  but  the  same  lesion 
in  3  week  old  animals  causes  no  detectable  changes  (Smith  and  Castro,  1979).  In  10 
week  old  kittens  lesions  close  to  the  cell  bodies  of  CN  neurons  cause  more  extensive 
retrograde  cell  changes  than  more  distal  lesions  (Locwy  and  Schader,  1977),  and  in 
the  adult  cat  hemicerebellectomy  causes  no  retrograde  changes  (Ha  and  Liu  1968). 
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Neonatal  lesions  may  cause  collateral  axons  to  be  maintained  that  would  normally 
be  retracted  after  the  principal  axon  establishes  contact  with  its  normal  target. 
Neurons  in  the  developing  visual  cortex,  for  example,  emit  axons  that  initially 
descend  caudal  to  their  normal  targets  in  the  pons  but  are  later  retracted  after 
collateral  axons  have  contacted  permanent  targets  in  rostral  and  lateral  basilar  pons 
(O’Leary  and  Terashima,  1^).  In  addition  it  is  possible  that  some  axotomized 
neurons  survive  due  to  non-specific  factors  synthesized  at  the  lesion  site  or  in 
damaged  fiber  tracts.  Prime  candidates  that  are  produced  following  lesions  are 
CNTF,  bFGF,  and  TGF-p  (Nieto-Sampedro  et  al,  1983;  Frautschy  et  al,  1991; 
Chalazonitis  et  aL,  1992;  Gomez-Pinilla  et  al,  1992;  Lindholm  et  aU  1992X  and 
neurotrophins  (Ceccatelli  et  aL,  1991;  Yoshida  and  Gage,  1991;  Lindholm  et  aL  1992). 
These  and  other  factors  mediate  complex  interactions  among  different  types  of  cells 
that  may  be  imp'ort?  u  in  supplying  trophic  support  to  injured  neurons  (Bandtlow  et 
aL  1990,  Spranger  et  aL  1990,  Engele  and  Bohn,  1991;  Matsuoka  et  aL  1991;  Petroski  ei 
aL  1991;  Araujo  and  Cotman,  1992;  Lindholm  et  aL  1992;  Rudge  et  aL  1992). 
Furthermore,  some  injured  neurons  themselves  may  synthesize  neurotrophins  that 
would  allow  them  to  survive  without  target-derived  neurotrophic  support  (Lindsay, 
1988;  Schccterson  and  Bothwell,  1992). 

Are  Developing  CN  Neurons  More  Vulnerable! 

We  found  no  significant  difference  in  the  numbers  of  CN  neurons  that  die 
following  axotomy  in  adults  and  neonates.  In  both  groups  neurons  of  all  sizes  were 
lost  and  large  neurons  were  preferentially  lost  In  many  systems,  axotomy  during 
the  developmental  period  causes  significantly  more  cell  death  than  the  same  injury 
causes  in  the  adult  (Prendergast  and  Stelzner,  1976^  Bregman  and  Goldberger,  1983; 
Himes  and  Tessler,  1989;  Xu  and  Martin,  1989  &  1990).  Other  CNS  neurons  die  in 
equal  numbers  after  axotomy  in  neonates  and  adults  (Chow  and  Dewson,  1966 
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Peacock  and  Combs,  1965;  Allcutt  et  al,  1^4X  These  differences  may  be  due  to  the 
state  of  maturity  of  particular  CNS  pathways  at  the  time  of  neonatal  injury 
Retrograde  labeling  studies  show  that  axons  from  at  least  some  developing  CN 
neurons  reach  the  cerebellum  at  birth  (Nunes  and  Sotelo,  1985).  It  is  not  known  if  at 
age  P2-P3  all  CN  neurons  that  will  project  to  the  cerebellum  or  rostral  spina!  cord 
have  sent  axons  as  far  rostral  as  the  T7-T8  spinal  segments  and  therefore  n  is 
unknown  whether  similar  numbers  of  CN  neurons  were  axotomized  by  our  lesions 
in  adults  and  neonates.  If  late  growing  axons  from  CN  had  not  reached  the  level  of 
the  T7-T8  spinal  cord  segment  before  the  lesion  was  made,  they  would  not  be 
injured,  would  not  die,  and,  like  developing  corticospinal  axons,  they  may  grow 
around  the  lesion  and  reach  their  normal  targets  (Bregman  and  Goldberger,  1983). 
Conditions  that  i^'crease  the  vulnerability  of  newborn  neurons  may  be 
counterbalanced  by  conditions  that  promote  survival.  The  survival  of  newborn  CN 
neurons  may,  for  example,  be  more  dependent  on  target  -  derived  factors  than  adult 
CN  neurons,  but  higher  levels  of  neurotrophic  substances  may  be  available  in  the 
developing  spinal  cord  which  could  support  axotomized  CN  neurons. 

Why  Do  the  Remaining  CN  Neurons  Atrophy? 

Axotomized  CN  neurons  that  survive  in  adult  and  neonatal  operates  remain 
atrophied  or  fail  to  develop  to  their  normal  size.  The  explanation  for  this  atrophy 
or  failure  to  develop  is  unknown.  If,  as  suggested,  a  larger  cell  body  is  required  to 
maintain  the  greater  amounts  of  axoplasm  in  a  long  axon  (i.e.  extending  to  the 
cerebellum),  then  a  smaller  cell  body  may  be  sufficient  to  maintain  axons  that 
extend  only  to  the  transplant  (Ramon  y  Cajal,  1984;  Isacson  and  Sofroniew,  1992). 
Another  possible  mechanism  for  neuron  atrophy  is  the  change  in  afferent  input 
following  axotomy,  which  would  imply  a  trophic  effect  of  the  afferent  input  under 
normal  conditions.  Axotomy  is  followed  by  the  stripping  of  synapses  from  the  cell 
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bodies  and  proximal  dendrites  of  CN  neurons  (Chen  et  aU  1977).  The  synapses  arc 
replaced,  but  the  new  synapses  are  smaller  than  normal,  their  source  is  unknown, 
and  their  input  may  be  toxic  to  the  axotomized  cell  (Chen  et  al.,  1977;  Sanner  and 
Goldberger,  1990, 1991).  Finally,  because  the  soma  atrophy  of  NGF-sensitive  DRG 
neurons  (Verge  et  al,  1989)  and  cholinergic  medial  septum  neurons  (Hagg  et  aL  1989) 
that  follows  axotomy  can  be  reversed  by  exogenous  NGF,  a  third  possibility  is  that 
axotomized  CN  neurons  receive  an  inadequate  supply  of  neurotrophic  factors 
despite  the  presence  of  a  transplant. 
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FIGURE  LEGENDS 


Fig.  1  A.  Illustration  of  the  lesion  paradigm  used  in  these  experiments.  A 
hemisection  cavity  was  aspirated  at  approximately  the  T8  spinal  cord  segment, 
interrupting  the  DSCT.  In  hemisection  only  animals  the  lesion  was  filled  with 
gelfoam.  If  the  animal  was  to  receive  a  transplant,  the  cavity  was  filled  with  fetal 
tissue.  B  and  C.  Nissl-myelin  stained  cross  sections  of  T8  spinal  cord  showing  the 
extent  of  the  lesion  in  adult  (B)  and  neonate  (C)  operates;  bar  =  200  p,m. 

Fig.  2  Four  examples  showing  sagittal  sections  of  the  caudal  host(h)  -  transplant(tp) 
interface.  Arrowheads  indicate  interface  zone.  The  dorsal  surface  is  toward  the  top 
of  the  figure.  A.  E14  spinal  cord  in  adult  host  does  not  show  the  characteristic 
laminar  pattern.  B.  E15  cerebellum  in  neonate  host  with  a  trilaminar  structure 
resembling  that  of  a  cerebellar  folia.  C.  E14  neocortex  in  neonate  host  shows  the 
greater  size  of  this  type  of  graft  relative  to  the  other  fetal  tissues  used  in  these 
experiments.  D.  E14  striatum  in  adult  host  showing  clustering  of  cells  within  the 
graft.  Nissl-myelin  stain,  bar  =  200  p,m 

Fig.  3.  A.  Cross  section  of  CN  in  LI  spinal  cord.  Area  of  CN  is  outlined  in  black.  A. 
normal.  B-G  Representative  cross  sections  of  CN  in  LI  ipsilateral  to:  hemisection 
only  in  adult  (B)  and  neonate  (C)  operates;  hemisection  with  transplant  of  spinal 
cord,  cerebellum,  or  neocortex  in  adult  (D)  and  neonate  (E)  operates;  hemisection 
with  transplant  of  striatum  in  adult  (F)  and  neonate  (G)  operates.  Nissl-myelin  stain, 
bar  =  50  fim 
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Fig.  4.  Cell  survival  in  CN  at  LI  as  represented  by  the  ratio  of  the  neurons  on  the 
operated  side  /  neurons  on  the  control  side.  A.  Adult  operates.  B.  Neonate  operates. 
Asterisk  (*)  indicates  that  the  ipsilateral  CN  of  hemisection  only  (HX)  and 
hemisection  with  a  striatum  transplant  (HX-STR)  animals  have  significantly  fewer 
neurons  than  either  normal  animals  or  animals  with  transplants  of  spinal  cord  (HX- 
SC),  cerebellum  (HX-CB) ,  or  neocortex  (HX-CTX).  The  values  represented  by  these 
graphs  are  presented  in  tables  1  and  2. 

Fig.  5.  Cell  soma  size  distribution  in  ipsilateral  CN  of  adult  operates:  A.  normal;  B. 
hemisection  alone;  C.  spinal  cord  transplant;  D.  cerebellum  transplant;  E.  neocortex 
transplant;  F.  striatum  transplant. 

Fig.  6.  Cell  soma  size  distribution  in  ipsilateral  CN  of  neonate  operates:  A.  normal; 
B.  hemisection  alone;  C.  spinal  cord  transplant;  D.  cerebellum  transplant;  E. 
neocortex  transplant;  F.  striatum  transplant. 

Fig.  7.  Fluorescence  photomicrographs  of  FG  labeling  in:  A.  normal  CN;  B.  CN 
ipsilateral  to  hemisection  alone;  C.  CN  ipsilateral  to  hemisection  with  spinal  cord 
transplant.  Bar  =  50  urn. 

Fig.  8.  Ceil  size  distribution  of  Nissl  stained  and  FG  labeled  neurons  in  CN.  A. 
normal  CN;  most  large  neurons  are  FG  labeled  as  are  many  small  neurons.  B.  CN 
ipsilateral  to  hemisection  alone.  C  CN  ipsilateral  to  hemisection  with  spinal  cord 
transplant. 
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Fig.  9.  Double  staining  of  sections  labeled  with  FG  (B,D,F,G)  and  antibodies  to 
GFAP  (A),  OX-42  (C),  ED-1  (E),  or  MAP  IB  (G)  to  identify  cells  in  CN  ipsilateral  to 
a  hemisection  with  spinal  cord  transplant.  FG  labeled  cells  (arrows)  are  GFAP,  OX- 
42,  and  ED-1  negative.  The  DAB  reaction  product  obscures  FG  labeling  in  the 
cytoplasm  of  MAP  IB  positive  neurons,  but  FG  labeling  remains  visible  within  the 
nuclei.  A,  C,  E,  and  G  are  brighfield  photomicrographs.  B,  D,  F,  and  G  are 
fluorescence  photomicrographs.  Bar  =  50  ji,m. 
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Injury  to  the  brain  or  spinal  cord  is  followed 
by  a  period  of  severe  depression  of  function 
which  is  then  succeeded  by  some  recovery 
of  function.  The  mechanisms  underlying 
both  the  loss  of  function  and  the  recovery 
of  function  are  incompletely  understood. 
After  spinal  transection  in  adult  cals,  there 
is  complete  loss  of  descending  control  of 
motor  function  owing  to  interruption  of  the 
descending  motor  pathways  (1).  This  effect 
o^  the  transection  is  permanent.  There  is 
also  a  depression  of  reflex  function  caudal 
to  the  lesion,  the  reasons  for  which  are  not 
yet  evident.  This  reflex  dc  rression  is  not 
permanent;  most  reflexes  show  recovery 
and  some  may  become  hyperactive  (2). 
Eventually,  recovery  of  reflex  locomotion, 
as  elicited  by  a  treadmill,  can  be  demon¬ 
strated  (3,4).  The  mechanisms  underlying 
the  remarkable  recovery  of  reflex  behavior 
remain  unidentified  although  there  are 
changes  within  the  spinal  cord  caudal  to  the 
transection  that  may  contribute  to  recovery 
and  indeed  are  suspected  of  doing  so  (see 
ref.  5  for  review).  TTius  a  permanent  loss  of 
voluntary  movement  and  a  transient  loss  of 
reflex  function  are  seen  after  the  same  le¬ 
sion.  The  permanence  of  th^  loss  of  de¬ 
scending  control  is  due  to  the  failure  of 


descending  pathways  to  regenerate.  The  re¬ 
covery  of  reflex  behavior  implies  plasticity 
in  spinal  segments  below  the  lesion  that 
have  been  indirectly  affected  by  the  tran¬ 
section.  Identification  of  the  loci  of  the  im¬ 
pairment  and  particularly  of  the  nature  of 
the  recovery  is  useful  as  a  guide  to  which 
systems  should  be  examined  further  to  re¬ 
veal  the  nature  of  that  plasticity  that  leads 
to  recovery  of  function.  One  naturally  oc¬ 
curring  anatomical  mechanism  that  can  ac¬ 
count  for  recovery  of  function  is  collateral 
sprouting.  New  studies  using  fetal  trans¬ 
plants  into  injured  spinal  cord  offer  the 
possibility  of  enhancing  this  naturally  oc¬ 
curring  plasticity  and  achieving  greater  re¬ 
covery  of  function. 


PLASTICITY  IN  THE  INJURED 
SPINAL  CORD 

CoilaleraJ  Sproutfog 

DefinitioH  and  DemoHstnttion 

Collateral  sprouting  (reactive  reinnerva¬ 
tion)  refers  to  an  expansion  of  the  terminal 
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field  of  undamaged  axons  in  response  to 
partial  denervation  of  target  neurons  by  re¬ 
moval  of  converging  systems,  in  adults,  the 
amount  of  growth  is  generally  limited  and  is 
demonstrable  only  within  the  normal  ter¬ 
minal  field  as  an  increase  in  density  of  the 
projection.  The  absence  of  extension  of  a 
projection  beyond  its  normal  limits  in  the 
adult  has  been  frequently  confirmed,  al¬ 
though  it  has  sometimes  been  interpreted  as 
indicating  an  absence  rather  than  a  limita¬ 
tion  on  sprouting  (6).  Sprouting  appears  to 
be  a  regulated  rather  than  a  random  occur¬ 
rence  so  that  certain  systems  are  more 
likely  to  increase  their  projections  in  re¬ 
sponse  to  a  specific  lesion  than  others. 
There  are  also  conditions  under  which 
sprouting  of  a  specific  pathway  does  not  oc¬ 
cur  subsequent  to  a  lesion  that  appears  to 
denervate  its  target  (7-11).  In  at  least  some 
of  these  cases,  these  results  suggest  a  target 
regulation  of  sprouting. 

If  lesions  are  made  in  developing  animals 
before  the  adult  patterns  of  axonal  projec¬ 
tions  and  synaptic  contacts  are  established, 
the  sprouting  response  may  include  exten¬ 
sion  of  the  projection  to  regions  normally 
not  supplied  or  only  poorly  supplied  by  the 
undamaged  system.  Another  form  of  plas¬ 
ticity.  compensatory  sprouting  or  pruning, 
refers  to  the  proliferation  of  collaterals  lo¬ 
cated  proxim^  to  the  site  of  axotomy  (12). 
To  elicit  this  form  of  sprouting,  the  neuron 
must  be  damaged.  This  form  of  plasticity, 
which  sometimes  results  in  aberrant  projec¬ 
tions,  has  been  shown  most  clearly  in  de¬ 
veloping  neurons. 

The  controversies  that  have  arisen  over 
the  truth  and  consequences  of  sprouting  in 
spinal  cord  are  in  part  due  to  unappreciated 
methodological  difficulties  in  demonstrat¬ 
ing  differences  in  densities  of  projections. 
Detection  of  an  increased  density  in  a  nor¬ 
mal  projection  requires  quantitative  meth¬ 
ods  sufficiently  sensitive  to  reveal  a  differ¬ 
ence  between  the  experimental  and  control 
projections.  In  most  cases,  sprouting  has 
been  examined  using  light  microscopic 
tract  tracing  methods,  and  the  contralateral 


projection  is  frequently  used  as  the  control. 
Intra-animal  comparisons  of  density  of  the 
control  and  sprouted  projections  may  be 
the  most  sensitive  way  to  determine  the  ex¬ 
tent  of  modification  of  an  afferent  projec¬ 
tion.  but  this  requires  establishing  that  the 
ipsilateral  and  contralateral  projections  are 
normally  comparable  in  size  and  that  the 
projections  are  uncrossed:  if  either  of  these 
requirements  is  unfulfilled,  the  appropriate 
corrections  must  be  made.  If  axonal  trans¬ 
port  methods  are  used  to  identify  the  pro¬ 
jection.  c.g..  HRP  labeling,  then  compara¬ 
ble  supply  of  the  label  to  the  control  and  the 
sprouting  projections  must  be  demon¬ 
strated.  These  methods  used  with  interani¬ 
mal  comparisons  arc  too  insensitive  to  rec¬ 
ognize  differences  in  density  if  there  is 
considerable  normal  interanimal  variability 
in  the  density  of  projections.  The  interpre¬ 
tation  of  the  results  will  be  additionally  con¬ 
founded  by  the  difficulty  of  demonstrating 
comparable  delivery  of  the  label  to  the  test 
and  experimental  projections  in  different 
animals.  Immunocytochemical  staining  of 
specific  pathways  is  another  light  micro¬ 
scopic  method  that  has  been  used  to  dem¬ 
onstrate  sprouting.  Differences  in  the  ap¬ 
parent  density  of  projections  can.  however, 
be  attributable  to  increased  synthesis  or 
transport  of  the  labeled  substance.  No  con¬ 
trol  for  this  possibility  has  been  devised  as 
yet. 

Quantitative  electron  microscopy  has 
also  been  used  to  study  sprouting  (reactive 
reinnervation).  Changes  in  the  synaptic 
complement  in  terminal  fields  of  target  nu¬ 
clei  with  recovery  of  terminal  number  to¬ 
ward  normal  levels  can  be  shown  after  le¬ 
sions.  These  changes  indicate  proliferation 
of  terminals  by  undamaged  systems  leading 
to  reinnervation  of  the  denervated  targets. 
The  major  procedural  problem  in  these  ul- 
trastructural  studies  is  dealing  with  the  lim¬ 
ited  sample  size  and  the  requirement  for 
methods  to  assess  the  extent  of  shrinkage 
and  other  changes  in  neuropil. 

it  is  considerably  easier  to  demonstrate 
sprouting  of  axonal  projections  in  neonatal 
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animals.  In  addition  to  the  increased  projec¬ 
tion  density  found  in  normal  targets,  the  ax¬ 
ons  may  also  follow  an  aberrant  course  and 
form  projections  to  inappropriate  targets. 
Qualitative  methods  may  therefore  be  suf¬ 
ficient  to  demonstrate  aberrant  projections. 
On  the  other  hand,  changes  in  the  target 
(atrophy  or  cell  death)  are  more  likely  to  oc¬ 
cur  in  a  developing  system  following  a  le¬ 
sion  and  compensation  for  these  changes  is 
required  in  order  to  interpret  the  results. 

it  should  be  noted  that  there  are  alterna¬ 
tive  interpretations  of  the  increased  density 
of  projections  seen  after  partial  denerva¬ 
tion.  For  example,  projections  normally  not 
revealed,  perhaps  because  the  axons  and 
terminals  are  below  light  microscopic  reso¬ 
lution  or  because  they  contain  inadequate 
amounts  of  label  or  immunoreactive  mate¬ 
rial.  may  become  demonstrable  only  under 
conditions  of  increased  activity,  without  an 
actual  increase  in  the  number  of  contacts 
that  are  made.  Such  a  possibility  cannot  be 
easily  ruled  out  although  there  is  relatively 
little  evidence  in  support  of  this  interpreta¬ 
tion  (45)  and  it  is  not  supported  by  ultra- 
structural  data. 

Evidence  for  Plasticity  Induced  by  Lesions  in 
the  Aduit  Spinal  Cord 

A  considerable  body  of  evidence  has  ac¬ 
cumulated  both  supporting  and  questioning 
collateral  sprouting  after  lesions  in  the  adult 
and  neonatal  spinal  cord  since  the  first  re¬ 
port  in  1958  (13).  The  source  of  many  of  the 
controversies  now  appears  to  be  accounted 
for  by  the  methodological  difficulties  asso¬ 
ciated  with  demonstrating  sprouting  in  the 
adult  spinal  cord. 

SproiKing  of  Dorsal  Root  Axons 

The  Spared  Root  Preparation.  This  prep¬ 
aration  is  the  classic  model  for  demonstrat¬ 
ing  dorsal  root  sprouting  (8.13-16).  Several 
dorsal  roots  are  cut  rostral  and  caudal  to  the 
test  dorsal  root.  After  survival  times  ade¬ 


quate  to  permit  sprouting  by  the  central 
processes  of  the  spared  root  and  disappear¬ 
ance  of  the  degeneration  products  from  the 
cut  roots,  test  lesions  are  made  of  the 
spared  root  and  the  contralateral  control 
root.  Using  a  newly  developed  method  for 
identifying  degenerating  axons.  Liu  and 
Chambers  (13)  described  an  increased  den¬ 
sity  of  projection  by  the  spared  root  axons 
on  the  experimental  side,  which  they  inter¬ 
preted  as  sprouting  of  the  spared  root.  They 
also  described  an  extension  of  the  projec¬ 
tion  of  lumbar  dorsal  root  axons  to  levels  of 
Clarke's  nucleus  several  segments  rostral  to 
the  level  at  which  control  axons  terminated, 
an  increased  projection  which  would  be 
considered  an  aberrant  projection.  Their  re¬ 
sults  were  largely  confirmed  by  Goldberger 
and  Murray  (8).  with  the  exception  of  the 
aberrant  extended  projection.  This  dispar¬ 
ity  in  results  can  probably  be  accounted  for 
by  methodological  problems  associated 
with  the  suppression  step  used  in  this  pro¬ 
cedure.  These  results  have  been  criticized 
recently  by  Kruger  and  his  colleagues  ( 17- 
19)  who  attributed  the  apparent  sprouting 
to  inadequate  controls.  Rodin  et  al.  (17)  at¬ 
tempted  to  replicate  the  Liu  and  Chambers 
model  but  used  transganglionic  labeling 
with  HRP  instead  of  degeneration  stain^^  to 
compare  the  projections  of  test  and  experi¬ 
mental  roots.  They  were  unable  to  identify 
a  difference  in  density  of  projection  be¬ 
tween  a  spared  root  in  an  experimental  an¬ 
imal  and  the  comparable  root  in  another  un¬ 
operated  animal  and  therefore  concluded 
(hat  sprouting  did  not  occur.  Since  the 
spared  root  projection  was  determined  in 
one  series  of  animals,  and  compared  to  the 
projection  of  a  root  at  the  same  level  in  an¬ 
other  group  of  animals,  these  authors  were 
unable  to  make  appropriate  compensations 
for  the  very  large  differences  between  ani¬ 
mals  in  numbers  of  dorsal  root  ganglion 
(DRG)  cells  and  therefore  numbers  of  cen¬ 
trally  projecting  axons  at  the  lumbar  levels. 
Since  the  number  of  DRG  cells  may  vary  as 
much  as  5V7r  from  one  animal  to  another 
(20).  the  sensitivity  of  their  method  was  too 
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low  to  support  their  conclusions.  Polistina 
et  al.  (21)  took  advantage  of  the  fact  that  the 
number  of  DRG  cells  in  a  lumbar  ganglion 
does  not  vary  greatly  between  the  two  sides 
of  the  same  animal  (20.22.23)  and  therefore 
used  intra-animal  comparisons  supported 
by  an  internal  control  (counting  the  number 
of  labeled  neurons)  to  demonstrate  compa¬ 
rable  labeling  of  the  test  and  control  projec¬ 
tions.  Their  results  showed  increased  den¬ 
sities  of  the  spared  root  projections  that 
were  statistically  significant  but  no  evi¬ 
dence  of  extension. of  projections  to  aber¬ 
rant  targets.  They  also  showed  that  the  nor¬ 
mal  interanimal  variability  is  sufficient  to 
mask  these  differences  when  uncontrolled 
interanimal  comparisons  are  used. 

Histochemical  and  immunocytochemical 
methods  were  used  by  McNeill  and  col¬ 
leagues  (IS,I6)  to  examine  the  density  of  pro¬ 
jections  of  the  spared  T9  root  in  rat.  Ruoride- 
resistant  acid  phosphatase  (FRAP),  a  marker 
for  axons  originating  from  a  class  of  small 
DRG  neurons,  was  shown  to  increase  in  den¬ 
sity  in  the  superficial  layers  of  the  dorsal 
horn  on  the  spared  root  side  compared  to  the 
control  side  while  calcitonin  gene-related 
peptide  (CGRP),  a  marker  for  terminals  orig¬ 
inating  from  other  classes  of  dorsal  root  gan¬ 
glion  neurons,  was  shown  to  label  approxi¬ 
mately  twice  as  many  terminals  in  the  dorsal 
horn  at  levels  near  the  spared  root  compared 
to  the  control  side.  Further  ultrastructural 
evidence  supporting  plasticity  in  dorsal  root 
terminals  of  the  spared  root  is  provided  by 
Zhang  et  al.  (unpublished  results),  who  have 
shown  increased  numbers  of  terminal  con¬ 
tacts  and  increased  lengths  of  postsynaptic 
densities  associated  with  complex  terminals 
arising  from  small  DRG  neurons  on  the 
spared  root  side.  Thus  the  immunocytochem- 
icai  sudies  of  specific  populations  of  dorsal 
root  axons  support  the  results  from  con¬ 
trolled  horseradish  peroxidase  (HRP)  and  de¬ 
generation  methods,  all  indicating  increased 
densities  of  dorsal  root  projections  in  the 
spared  root  preparation.  The  electron  micro¬ 
scopic  (EM)  studies  further  suggest  that  the 


sprouting  is  associated  with  terminal  prolif¬ 
eration. 

A  variation  of  the  spared  root  preparation 
has  been  used  in  two  studies  in  which  neu¬ 
rotoxic  compounds,  injected  into  the  periph¬ 
eral  fields  of  spinal  nerves,  are  transported  to 
the  DRG.  A  proportion  of  DRG  cells  are 
killed,  but  those  spared  can  be  examined  for 
evidence  of  sprouting.  Pubols  and  Bowen 
(24)  injected  ricin.  a  compound  that  kills  a 
variable  number  of  DRG  cells,  into  sciatic 
nerves  2  weeks  to  2  months  before  sacrifice. 
Six  days  prior  to  sacrifice  they  injected  ricin 
into  the  contralateral  (control)  sciatic  nerve. 
HRP  injections  into  dorsal  rootlets  were  then 
used  to  compare  labeling  on  the  two  sides. 
These  authors  found  considerable  variability 
in  labeling  of  the  projections  between  the  two 
sides,  which  appeared  to  be  a  function  of 
variations  in  the  amounts  of  HRP  injected, 
but  failed  to  find  consistent  differences  be¬ 
tween  control  and  experimental  sides.  They 
interpreted  this  finding  as  absence  of  evi¬ 
dence  for  sprouting.  The  crucial  controls  in 
these  experiments  would  have  been  first  to 
demonstrate  loss  of  axons  after  ricin  injec¬ 
tion  on  the  two  sides  and  then  to  compar.^ 
projections  in  animals  in  which  they  could 
demonstrate  comparable  HRP  uptake  by 
dorsal  roots  of  the  two  sides.  Their  interpre¬ 
tation  is  further  complicated  by  the  fact  that 
sprouting  is  likely  to  have  occurred  on  the 
control  side  at  the  6  day  postinjection  sur¬ 
vival  time  used  (25)  so  that  comparable  la¬ 
beling  of  the  two  sides  might  have  been  ex¬ 
pected  under  well-controlled  conditions. 
Lamotte  et  al.  (26).  using  a  similar  paradigm, 
injected  pronase.  a  combination  of  proteoly¬ 
tic  enzymes,  into  the  sciatic  nerve.  Pronase 
is  also  transported  to  the  DRG  where  it  kills 
ganglion  cells.  They  later  injected  HRP  and 
wheat  germ  agglutinin  (WGA)-HRP  into  the 
cut  saphenous  nerves  and  measured  the  area 
in  dorsal  horn  supplied  by  labeled  axons. 
Controls  showed  evidence  for  comparable 
and  symmetrical  labeling  in  normal  animals 
using  their  HRP  methods,  and  demonstrate 
loss  of  unmyelinated  axons  in  the  dorsal 
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nx>ts  caused  by  the  pronase  treatment.  These 
workers  found  an  increase  in  area  labeled 
with  HRP  and  an  increase  in  the  number  of 
labeled  terminals  on  the  experimental  side 
which  they  interpreted  as  evidence  for 
sprouting  by  central  processes  of  saphenous 
axons  in  response  to  loss  of  central  processes 
of  the  sciatic  axons.  Whether  the  sprouting 
from  the  saphenous  nerve  extended  into 
novel  territories  or  simply  increased  within 
its  normal  territory  is  difficult  to  resolve 
given  the  unknown  extent  of  overlap  of  the 
two  projections  in  the  dorsal  horn 
(:7.28.29a). 

Lesions  within  the  CNS  that  partially  de- 
nervate  targets  of  dorsal  root  axons  can  also 
elicit  sprouting  of  dorsal  roots.  This  was  first 
reported  using  hemisection  in  the  cat  (29)  and 
more  recently  was  confirmed  with  immuno- 
cytochemical  methods  (30).  although  the 
same  lesion  in  rats  elicited  clear  evidence  of 
dorsal  root  sprouting  only  in  young  animals 
Ola).  Rodin  and  Kruger  (18)  again  used 
transganglionic  transport  of  HRP  to  look  for 
differences  in  dorsal  root  projections  ipsilat- 
era!  and  contralateral  to  a  thoracic  hemisec¬ 
tion.  They  reached  the  conclusion  that 
sprouting  does  not  occur  because  they  could 
find  no  consistent  differences  between  pro¬ 
jections  of  experimental  or  control  roots;  as 
in  their  previous  study,  they  used  interanimal 
comparisons  and  did  not  control  for  differ¬ 
ences  in  amount  of  HRP  transported,  an  ap¬ 
proach  that  is  not  likely  to  be  sensitive  to  dif¬ 
ferences  in  the  projections  between  animals 
or  technical  differences  in  delivery  of  the  la¬ 
bel.  More  recently  anterolateral  cordotomy 
in  the  monkey  has  been  shown  to  produce 
rearrangement  of  primary  afferents  within 
but  not  outside  of  regions  of  normal  termi¬ 
nation.  a  change  consistent  with  denervation- 
induced  sprouting  (31). 

Peripheral  Ner\-e  Lesions.  It  is  well 
known  that  peripheral  nerve  lesions  are 
often  followed  by  regeneration  of  the  cut 
axons.  It  has  more  recently  been  shown 
that  these  lesions  also  cause  death  of  some 
DRG  neurons  (20)  and  degeneration  of  their 


central  processes  (32).  These  lesions  also 
evoke  a  variety  of  changes  in  the  surviving 
ganglion  cells  that  appear  to  be  reversed  af¬ 
ter  regeneration  of  the  peripheral  process 
occurs  (33).  These  changes  include  de¬ 
creased  synthesis  of  some  peptide  transmit¬ 
ters  (34-36):  up-regulation  of  synthesis  of 
other  peptides  (37.38):  increased  synthesis 
of  growth-associated  proteins  (39)  and  cy- 
toskeletal  proteins  (40):  and  changes  in 
morphology  of  the  central  terminals  (41). 
Resection  of  the  sciatic  nerve,  which  pre¬ 
vents  regeneration  and  partially  denervates 
central  targets,  combined  with  crush  of  sa¬ 
phenous  nerve,  which  stimulates  saphe¬ 
nous  regeneration,  elicited  central  sprout¬ 
ing  by  the  saphenous  dorsal  root  afferents. 
which  appeared  to  exceed  the  normal  cen¬ 
tral  projection  of  the  saphenous  nerve  (42). 
These  studies  suggest  that  the  changes  in 
DRG  neurons  associated  with  the  regener¬ 
ative  responses  to  peripheral  nerve  lesion 
can  enhance  the  growth  responses  of  the 
axons  within  the  CNS  (43).  McMahon  and 
Kett- White  (44)  tested  this  hypothesis  more 
directly  in  adults  by  cutting  the  peripheral 
nerve  of  the  spared  root.  This  combined  le¬ 
sion  enhanced  sprouting  by  axons  in  the 
spared  root  and  also  increased  the  area  sup¬ 
plied  by  the  spared  root.  This  important  ob¬ 
servation  indicates  that  the  usual  spatial 
limitation  of  sprouting  in  the  adult  can  be 
overridden  by  an  additional  manipulation 
that  increases  the  growth  potential  of  the 
adult  axon. 

Of  particular  interest  in  considering  plas¬ 
ticity  associated  with  peripheral  lesions  is 
the  evidence  that  very  marked  and  long 
lasting  modifications  of  central  pathways 
within  the  spinal  cord  (45.46)  and  extending 
to  changes  in  cortical  representations  (47- 
49)  occur  after  peripheral  nerve  lesions. 


Sproun.rg  of  Central  Pathways 

Central  pathways  have  also  been  shown 
to  sprout.  Most  of  the  evidence  in  favor  of 
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central  sprouting  in  the  aduit  spinal  cord 
comes  from  studies  in  which  the  cord  has 
been  deafferented  by  dorsal  rhizotomies. 
Tessler  et  al.  (50-52)  first  used  immuno- 
cytochemistry  and  radioimmunoassay  to 
demonstrate,  in  the  cat.  that  deafferenta- 
tion.  which  eliminates  the  major  SP  input  to 
laminae  I  and  II  of  the  dorsal  horn,  elicits  a 
recovery  of  SP.  but  not  somatostatin.  They 
interpreted  these  data  as  indicating  sprout¬ 
ing  by  intraspinal  SP-containing  neurons. 
These  observations  were  subsequently  con¬ 
firmed  in  the  cat  ( 19)  and  rat  (11).  The  pop¬ 
ulation  of  synaptic  terminals  in  lamina  II 
also  changes  following  dealTerentation. 


with  a  loss  of  ail  of  the  characteristic  scal¬ 
loped  terminals  and  some  of  the  simple  ter¬ 
minals.  but  with  no  loss  in  total  number  of 
terminals  (25).  This  observation  suggests 
that  complete  deafferentation  evoked  rapid 
replacement  of  lost  dorsal  root  terminals  by 
simple  terminals  from  intrinsic  sources.  Re¬ 
cent  quantitative  analyses  by  Zhang  et  al. 
have  shown  that  the  number  of  simple  SP- 
labeled  terminals  increases  after  deafferen¬ 
tation.  a  finding  consistent  with  the  inter¬ 
pretation  of  reactive  reinnervation  (Fig.  I). 
Beattie  et  al.  (10)  compared  synaptic  input 
after  transection  to  two  nuclei  in  sacral  spi¬ 
nal  cord.  Onuf's  nucleus,  and  the  sacral 


Simple  Terminals 
SP  Terminals 
5HT  Terminals 


Days  After  Deafferentation 

FIG.  1.  Changes  in  the  total  number  of  simple  terminals,  number  of  simple  terminals  immunoreactive 
for  SP,  and  number  of  simple  terminals  immunoreactive  for  5HT  in  lamina  II  after  unilateral  lumbo¬ 
sacral  deafferentation  in  the  rat.  The  results  are  expressed  as  a  ratio  of  counts  on  the  control  lamina 
II  to  counts  in  the  deafferented  lamina  II.  Postembedding  immunocytochemical  methods  wem  used 
to  identify  SP  and  5HT  terminals.  Note  that  the  number  of  simple  terminals  decreased  postopera- 
tively  and  then  increased  to  above  normal  levels,  indicating  proliferation  in  response  to  deafferen- 
tatiw).  Immunocytochemical  analyses  indicated  that  part  of  the  increase  can  be  attributed  to  in¬ 
creased  number  of  SP-containing  terminals,  which  show  a  time  course  of  change  similar  to  that  for 
ratal  simple  terminals,  and  part  can  be  attributed  to  5HT-containing  terminals,  wt  ch  show  a  different 
time  course.  The  time  course  of  change  of  number  of  terminals  parallels  the  time  course  of  change 
of  density  of  immunocytochemical  reaction,  shown  light  microscopically  (1 1 ). 
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parasympatheMc  nuclei.  They  found  evi¬ 
dence  for  synaptic  replacement  in  Onuf's 
nucleus  but  permanent  denervation  in  the 
sacra!  parasympathetic  nucleus,  suggesting 
that  sprouting  may  be  regulated  differently 
in  these  two  nuclei.  Different  results  were 
reported  by  Chung  (53).  however,  who 
counted  synaptic  thickenings  in  the  sacral 
dorsal  horn  after  unilateral  deafferentation 
in  the  rat.  They  found  a  decrease  in  num¬ 
bers  of  contacts  compared  to  control  ani¬ 
mals  on  both  operated  and  unoperated 
sides  during  the  first  postoperative  week. 

Serotonergic  pathways  that  descend  from 
the  brainstem  also  sprout  in  response  to 
deafferentation.  Wang  (ID.  using  a  com¬ 
plete  lumbosacral  deafferentation  model, 
showed  a  twofold  increase  in  density  of  5- 
hydroxytryptamine  (5HT)  immunoreactiv- 
ity  in  lamina  I  and  II.  Polistina  (21)  showed 
in  a  spared  root  preparation  that  the  density 
of  the  5HT  projections  increases  at  dener- 
vated  spinal  levels  rostral  to  the  zone  where 
the  spared  root  axons  have  increased  their 
projections.  These  studies  indicate  that  the 
descending  serotonergic  pathway  will  in¬ 
crease  its  projection  density  in  response  to 
removal  of  convergent  dorsal  root  projec¬ 
tions  to  the  dorsal  horn.  EM-immunocyto- 
chemical  studies  by  Zhang  et  al.  indicate 
that  serotonergic -containing  terminals  also 
increase  in  lamina  II  after  deafferentation 
(Fig.  1).  Interestingly,  in  the  same  prepara¬ 
tion,  the  descending  noradrenergic  projec¬ 
tion  to  the  dorsal  horn  showed  no  change  in 
density  indicating  a  selectivity  in  which 
systems  sprout  in  response  to  deafferenta¬ 
tion  (11). 

Finally,  hemisection  lesions  have  also 
been  shown  to  modify  the  projections  of 
corticospinal  neurons  in  the  adult  monkey 
(54).  In  this  study  HRP  was  injected  into 
the  spinal  cord  contralateral  to  a  hemisec¬ 
tion  and  increased  numbers  of  labeled  neu¬ 
rons  were  found  in  the  cortex  ipsilateral  to 
the  lesion,  suggesting  sprouting  of  projec¬ 
tions  across  the  midline  or  by  ipsilaterally 
projecting  corticospinal  axons. 


Evidence  for  Plasticity  Induced  by  Lesions  in 
Neonatal  Animals 

Lesions  in  neonatal  animals  often  result 
in  greater  sprouting  than  in  adults  and  as  a 
result  the  issue  of  neonatal  sprouting  seems 
less  controversial.  This  increased  plasticity 
may  account  for  the  greater  recovery  of 
function  associated  with  lesions  in  devel¬ 
oping  animals.  Usually  the  extent  of  plas¬ 
ticity  which  can  be  evoked  by  lesions  made 
in  the  neonate  declines  toward  adult  levels 
during  the  postnatal  period. 


Sprouting  of  Dorsal  Root  Axons 

The  classic  spared  root  preparation  has 
not  been  studied  in  neonatal  animals.  A 
similar  paradigm  is  however  provided  by 
experiments  in  which  capsaicin  is  injected 
(55.56).  Capsaicin,  when  injected  in  n<*f^ 
natal  rat.  destroys  most  of  the  small  L. 
cells,  eliminating  about  90%  of  the  unmye¬ 
linated  axonal  input  to  the  dorsal  horn.  The 
spared  large  DRG  cells,  which  normally 
project  to  deeper  layers  of  the  dorsal  horn, 
develop  aberrant  projections  into  the  dener- 
vated  superficial  layers  as  well  and  form 
terminals  there. 

Hulsebosch  and  colleagues  (57.58)  have 
shown  that  administration  of  antibodies  to 
NGF  to  otherwise  normal  neonatal  rats  had 
the  unexpected  effect  of  eliciting  sprouting 
of  unmyelinated  axons  in  the  dorsal  root 
and  in  Lissauer's  tract.  Administration  of 
anti-NGF  antibody  results  in  the  death  of 
some  DRG  cells  (59)  with  the  possibility 
that  small  DRG  cells  are  more  vulnerable 
than  the  large  cells.  The  surviving  DRG 
cells  appear  to  emit  greater  numbers  of  ax¬ 
onal  collaterals  in  response  to  the  loss  of 
other  DRG  cells,  and  this  form  of  sprouting 
was  clearly  demonstrable  by  axon  counts 
both  in  the  dorsal  root  and  intraspinally 
(57.58).  The  mechanism  by  which  this 
sprouting  is  elicited  is  likely  to  be  neutral¬ 
ization  of  the  nerve  growth  factor  (NGF) 
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necessary  for  the  survival  of  small  DRG 
cells  and  which  is  normally  supplied  to 
them  by  axonal  transport  from  the  periph¬ 
ery.  The  loss  of  this  class  of  dorsal  root  gan¬ 
glion  cells  thus  elicits  a  response  similar  to 
that  achieved  by  capsaicin  delivered  neo- 
natally.  As  in  the  capsaisin  studies,  the  sur¬ 
viving  large  DRG  cells  appear  to  project 
into  aberrant  regions  of  the  spinal  cord, 
i.e..  Lissauer  s  tract. 

The  effects  of  peripheral  nerve  lesions  in 
neonates  have  been  compared  with  the 
same  lesion  in  adults.  Peripheral  nerve  sec¬ 
tion  in  neonates,  in  contrast  to  adults,  pro¬ 
duces  massive  DRG  cell  death,  resulting  in 
a  much  greater  denervation  of  the  dorsal 
horn.  The  neonatal  lesion  therefore  pro¬ 
vides  a  greater  stimulus  for  sprouting  by  the 
spared  ganglion  cells  than  the  adult  lesion 
(20.59).  Peripheral  nerve  section  leads  to 
loss  of  FRAP  staining  in  the  part  of  the  dor¬ 
sal  horn  supplied  by  the  injured  ganglion 
cells.  In  neonates,  but  not  in  adults,  the 
area  of  depletion  in  the  dorsal  horn  is  rap¬ 
idly  filled  in  by  the  sprouting  of  FRAP-con- 
taining  afferents  from  adjacent  intact  gan¬ 
glion  cells  (60).  Similarly,  neonatal  sciatic 
nerve  lesions  elicit  an  expansion  in  the  sa¬ 
phenous  terminal  field  in  the  dorsal  horn. 
This  sprouting  is  less  extensive  in  animals 
more  than  5  days  old.  indicating  the  post¬ 
natal  critical  period  for  this  form  of  plastic¬ 
ity  (61).  Fitzgerald  et  al.  (62)  used  physio¬ 
logical  methods  supported  by  HRP  labeling 
to  demonstrate  sprouting  of  specific  types 
of  dorsal  root  afferents  into  inappropriate 
central  fields  as  a  result  of  neonatal  sciatic 
nerve  lesion.  The  terminals  formed  by  the 
aberrant  projections  were  appropriate  to 
the  new  target  areas,  suggesting  taiget  reg¬ 
ulation  of  terminal  morphology. 


Sprouting  of  Central  Pathways 

Neonatal  deafferentation  by  rhizotomy 
(63)  or  by  administration  of  capsaisin  (64) 
has  been  used  to  demonstrate  sprouting  by 
serotonergic  axons  in  the  dorsal  horn.  Cap¬ 


saicin  injections  on  the  day  of  birth,  elimi¬ 
nating  most  of  the  central  projections  of  the 
small  DRG  cells,  elicited  sprouting  by  de¬ 
scending  5HT  axons  into  aberrant  regions 
of  the  dorsal  horn.  Dorsal  rhizotomy  on 
postnatal  day  5  evoked  increased  5HT  den¬ 
sities  comparable  to  the  twofold  increase 
shown  after  deafferentation  in  adults  1 1 1 1. 
However,  the  sprouting  in  neonates  ex¬ 
tends  into  deeper  layers  of  the  dorsal  horn 
than  in  the  adult.  These  studies  taken  to¬ 
gether  suggest  a  critical  period  within  the 
first  5  days  postnatal  that  limits  the  extent 
of  aberrant  sprouting  of  the  serotonergic  fi¬ 
ber  systems  in  response  to  rhizotomy. 

Pyramidal  lesions  interrupt  the  cortico¬ 
spinal  pathway  and  evoke  sprouting  of  cor¬ 
ticospinal  axons  to  the  contralateral  spinal 
cord  (65).  Cerebral  hemispherectomy  also 
evokes  sprouting  to  spinal  areas  (66).  Both 
studies  report  greater  effects  when  the  le¬ 
sions  are  made  in  the  neonate  than  in  the 
adult. 

In  summary,  there  is  convincing  anatom¬ 
ical  evidence  for  sprouting  in  the  spinal 
coid.  Dorsal  roots  have  been  shown  to  in¬ 
crease  their  terminal  density  in  adult  spinal 
cord  in  a  variety  of  experimental  para¬ 
digms.  In  most  of  the  experiments  in  which 
sprouting  could  not  be  demonstrated,  meth¬ 
ods  were  used  that  did  not  take  into  account 
normal  variability  either  between  animals 
or  in  the  methods  used  to  test  sprouting. 
Similarly  there  is  generally  consistent  evi¬ 
dence  of  sprouting  by  central  systems  in  re¬ 
sponse  to  partial  deafferentation.  Most 
quantitative  studies  at  both  EM  and  light 
microscopic  levels  indicate  that  sprouting  is 
associated  with  marked,  not  trivial,  in¬ 
creases  in  projection  densities,  which  may 
be  sufficient  to  restore  numbers  of  termi¬ 
nals  on  partially  denervated  targets  to  close 
to  normal  levels.  Expansion  of  terminal 
fields  into  novel  territories  in  adults  has 
been  demonstrated  most  convincingly  in 
cases  where  additional  manipulations  are 
made,  e.g.,  addition  of  peripheral  nerve  in¬ 
jury  to  the  lesion  paradigm.  This  suggests 
that  the  limitation  on  sprouting  in  adults 
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can  be  overridden  by  increasing  the  meta¬ 
bolic  drive  of  the  sprouting  neurons,  [n  gen¬ 
eral.  greater  sprouting  is  seen  when  lesions 
are  made  before  development  has  ceased, 
and  this  neonatal  sprouting  may  include  ex¬ 
pansion  into  areas  not  normally  supplied 
without  additional  manipulations.  Natu¬ 
rally  occurring  plasticity  in  adults  as  well  as 
in  neonates  represents  a  major  compensa¬ 
tory  response  to  CNS  lesions,  which  needs 
to  be  taken  into  account  in  considering  the 
consequences  of  CNS  lesions,  the  extent  of 
recovery  of  function,  and  ways  of  improv¬ 
ing  the  extent  of  recovery  of  function. 

Functional  Recovery 

Each  of  the  three  classical  preparations 
that  has  been  used  to  study  sprouting  in  the 
spinal  cord,  i.e.,  hemisection.  spared  root, 
and  deafferentation,  has  also  been  studied 
behaviorally  to  determine  whether  recov¬ 
ery  of  function  can  be  observed.  Not  only 
is  recovery  of  motor  behavior  documented 
but.  in  each  case,  the  pathways  that  show 
sprouting  have  also  been  shown  to  have 
major  roles  in  mediating  recovery. 

Spitud  Cord  Hemisection 

Hemisections  were  made  in  the  lower 
thoracic  cord  of  the  cat,  sparing  the  dorsal 
columns  so  that  motor  impairments  result¬ 
ing  from  loss  of  the  major  ascending  path¬ 
way  would  not  be  confused  with  those  as¬ 
sociated  with  loss  of  descending  input  (30). 
The  animals  had  been  preoperatively 
trained  to  walk  on  a  30  cm  wide  “simple" 
runway  as  well  as  on  more  challenging  run¬ 
ways,  including  a  horizontal  ladder,  a  grid, 
and  a  narrow  runway;  the  time  to  cross  and 
number  of  errors  were  recorded  and  a  kin¬ 
ematic  analysis  of  joint  angle  excursions 
carried  out.  The  threshold  for  placing,  the 
force  of  the  positive  supporting  reaction, 
and  the  kinematics  of  placing  and  hopping 
reactions  were  measured.  Recovery  of  ba¬ 
sic  locomotion  could  therefore  be  com¬ 


pared  with  recovery  of  locomotion  requir¬ 
ing  accurate  placement  of  the  hindlimb. 
Careful  analysis  shows  a  predictable  pat¬ 
tern  of  recovery  of  function.  For  a  brief  pe¬ 
riod.  the  hindlimb  on  the  hemisected  side  is 
severely  paralyzed  both  for  locomotion  and 
for  postural  reflexes  but  by  the  end  of  the 
first  week  considerable  recovery  occurs. 
During  the  first  week,  basic  locomotion  on 
the  wide  runway  and  also  reflex  locomotion 
on  a  treadmill  recover.  Measurement  of 
joint  angle  excursions  during  the  step  cycle, 
however,  reveals  a  kinematic  pattern  that  is 
clearly  abnormal;  furthermore,  the  animals 
frequently  walk  on  the  dorsum  of  the  toes 
on  the  hemisected  side.  Postural  reflexes 
also  show  an  early  stage  of  recovery.  Al¬ 
though  contact  (hair-bend)  placing  never  re¬ 
covers.  proprioceptive  placing  (placing  in 
response  to  bending  of  some  part  of  the 
limb)  does  recover.  The  amount  of  bending 
required  to  elicit  placing,  i.e.,  the  thresh¬ 
old.  is  considerable  and  the  response  is 
clearly  hypermetric.  Similar  effects  are 
seen  when  the  monopedal  hopping  re¬ 
sponse  is  elicited;  the  amount  of  passive 
displacement  on  the  treadmill  is  exagger¬ 
ated  compared  to  normal  and  the  response 
is  hypermetric.  The  positive  supporting  re¬ 
sponse  is  also  deficient  compared  to  the  in¬ 
tact  side. 

During  the  second  postoperative  week, 
another  phase  of  recovery  begins.  The 
thresholds  for  placing  and  hopping  decrease 
although  not  to  normal  values  (Fig.  2).  Hy- 
permetria  is  also  reduced.  The  force  of  the 
positive  supporting  response  recovers  to 
normal.  Most  dramatic,  however,  is  the  re¬ 
covery  of  accurate  limb  placement  during 
locomotion,  which  begins  to  occur  at  this 
time.  Initially,  many  errors  in  foot  place¬ 
ment  are  observed  and  this  slows  the  ani¬ 
mal's  crossing  of  the  runway.  In  time,  the 
number  of  errors  decreases  and  speed  in¬ 
creases.  but  normal  values  are  not  attained. 
During  this  period,  the  kinematic  pattern 
returns  almost  to  normal  and  the  animals 
stop  walking  on  the  dorsum  of  the  foot. 

Therefore  the  first  phase  of  recovery  con- 
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FIG.  2.  This  figure  shows  the  amount  of  limb  displacement  required  to  elicit  a  placing  response  after 
spinal  cord  hemisection.  The  height  of  each  bar  corresponds  to  the  total  limb  displacement,  and  the 
individual  compartments  correspond  to  the  displacement  of  the  hip.  knee,  and  ankle.  Preoperatively 
no  displacenent  is  required  since  the  animals  respond  to  hair  stimulation,  immediately  postopera- 
lively,  the  amount  of  displacement  is  very  large,  especially  at  the  ankle,  but  partial  recovery  takes 
place  and  becomes  stable  (STAGE  3}. 


sists  of  recovery  of  basic  locomotion  and  of 
crudely  performed,  high  thres'iold  postural 
reflexes.  The  second  phase  consists  of  re¬ 
finement  of  the  postural  reflexes  including 
lowering  of  their  thresholds.  The  change  in 
threshold  may  be  due  to  a  compensatory  in¬ 
crease  in  afferent  control  of  movements 
when  descending  control  has  been  inter¬ 
rupted.  Collateral  sprouting  of  dorsal  root 
afferents  has  been  demonstrated  after  hem¬ 
isection  of  the  cat  spinal  cord  by  degenera¬ 
tion  methods  (29.30)  and  by  immunocyto- 
chemistry  (30).  This  sprouting  of  dorsal 
root  terminals  may  represent  a  mechanism 
underlying  the  increase  in  reflex  control. 

Physiological  changes  have  been  ob¬ 
served  after  hemisection  that  are  consistent 
with  the  notion  of  a  compensatory  increase 
in  afferent  control  after  a  loss  of  descending 


input.  Hultborn  and  Ma]m.>ten  (67.68)  dem¬ 
onstrated  an  increase  in  the  strength  of  the 
monosynaptic  stretch  reflex  and  also  in  the 
cutaneous  flexor  reflex  by  using  ventral 
root  response  to  these  different  inputs. 
More  recently,  Pubols  and  her  colleagues 
(69-71)  have  shown  that  the  number  of  spi¬ 
nal  cord  neurons  responding  to  cutaneous 
(sural  nerve)  inputs  increases  substantially 
after  damage  to  descending  pathways  on 
one  side  of  the  cat  spinal  cord.  Interest¬ 
ingly,  the  magnitude  of  the  increase  is  sim¬ 
ilar  to  the  number  of  neurons  that  possess 
subliminal  sural  nerve  inputs  in  normal  cats 
(72).  These  neurons  produce  EPSPs  but  not 
impulses  upon  sural  nerve  stimulation  sug¬ 
gesting  that  the  increase  after  the  lesion  is 
due  not  to  the  formation  of  new  aberrant 
connections  but  rather  to  the  strengthening 
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of  already  existing  but  weak  connections. 
The  strengthening  of  these  connections 
could  be  mediated  by  sprouting  of  dorsal 
root  terminals  in  the  regions  denervated  by 
the  lesion,  denervation  supersensitivity  of 
neurons  in  such  regions,  or  other  unidenti¬ 
fied  mechanisms. 


Spand  Root  Pnparation 

Since  the  spared  root  preparation  was  the 
first  to  be  used  to  study  sprouting  ( 13).  it  is 
important  to  determine  whether  or  not  re¬ 
covery  of  function  can  be  demonstrated  in 
this  model.  We  have  studied  a  group  of  cats 
with  unilateral  deafferentation.  sparing  the 
L6  root  (73).  Initially,  the  effect  of  the 
spared  root  deafferentation  is  quite  marked. 
Locomotion  is  impaired,  the  partially  deaf- 
ferented  limb  is  dragged,  contact  placing 
and  the  monopedal  hopping  reaction  are 
abolished,  and  the  positive  supporting  re¬ 
action  is  considerably  weakened.  These  se¬ 
vere  impairments  are  transient,  however, 
and  recovery  begins  during  the  first  post¬ 
operative  week.  Basic  locomotion,  per¬ 
formed  on  a  wide  runway  or  a  treadmill,  re¬ 
turns.  although  the  kinematic  pattern  used 
for  locomotion  is  abnormal.  Proprioceptive 
placing  can  be  elicited,  high  threshold  mon¬ 
opedal  hopping  responses  return,  and 
weight  support  begins  to  recover.  There  is 
thus  an  early  recovery  of  basic  locomotion 
and  crudely  executed  postural  reflexes. 
During  the  second  week,  a  recovery  of  ac¬ 
curate  limb  placement  on  the  complex  run¬ 
ways  is  observed.  Initially  the  animals 
make  considerable  numbers  of  misplace¬ 
ments  but  the  errors  decrease  with  time  and 
the  speed  of  crossing  increases.  There  is 
continued  recovery  of  the  postural  reflexes; 
contact  placing  returns,  the  frequency  of 
placing  to  the  lowest  stimulus  increases, 
the  threshold  for  monopedal  hopping  de¬ 
creases.  and  weight  support  increases.  A  nor¬ 
mal  kinematic  pattern  during  locomotion  is 
reestablished. 

Thus  the  pattern  of  recovery  is  similar 


after  hemisection  and  after  spared  root 
deafferentation;  a  lowering  of  the  threshold 
for  postural  reflexes  is  associated  with  re¬ 
covery  of  accurate  limb  placement  and  the 
return  of  a  normal  kinematic  pattern  used 
in  locomotion.  It  is  reasonable  to  hypothe¬ 
size  in  both  preparations  that  dorsal  root 
sprouting  increases  the  afferent  control  of 
movement  and  that  this  is  responsible  for 
the  recovery  of  motor  behavior.  In  both 
cases,  there  are  alternative  possibilities  due 
to  sparing  of  some  of  the  descending  path¬ 
ways.  After  hemisection.  the  contralateral 
descending  pathways  are  spared,  and  in 
spared  root  preparations  the  ipsilaterai  (as 
well  as  contralateral)  descending  pathways 
are  available  to  mediate  recovery.  This  pos¬ 
sibility  was  tested  by  making  contralateral 
hemisections  in  the  hemisected  animals  and 
ipsilaterai  hemisections  in  the  spared  root 
animals  after  recovery  had  taken  place.  In 
both  cases,  most  of  the  recovered  behavior 
remained  after  the  second  lesion  suggesting 
that  it  was  the  primary  afferent  control  that 
was  largely  responsible  for  the  recovery. 
This  suggests  that  there  may  be  a  competi¬ 
tive  interaction  among  the  spared  pathways 
after  a  lesion  and  they  do  not  contribute 
equally  to  the  recovery  process. 

There  are  physiological  changes  after 
partial  spinal  cord  deafferentation  which  are 
consistent  with  the  idea  of  increased  affer¬ 
ent  control  mediated  by  the  spared  root  in 
response  to  partial  denervation  of  its  ter¬ 
minal  field.  Pubols  and  Goldberger  (74) 
found  that  there  was  a  loss  of  responsive¬ 
ness  in  the  lateral  dorsal  horn  acutely  after 
spared  root  deafferentation  sparing  L6. 
There  was  then  a  recovery  of  responsive¬ 
ness  but  the  receptive  field  organization 
had  changed  in  this  portion  of  the  dor¬ 
sal  horn.  A  permanent  loss  of  proximal 
receptive  fields  was  found,  and  this  loss 
was  compensated  for  by  an  increase  of 
mixed  receptive  fields,  lliis  suggested  the 
strengthening  of  weak  afferent  input,  which 
might  be  mediated  by  sprouting  or  other 
mechanisms.  Mendell  et  al.  (75)  made  sim¬ 
ilar  observations  when  they  recorded  from 
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spinocervical  tract  cells  after  L7  spared 
root  deafferentation.  They  also  found  a  loss 
of  responsiveness  when  peripheral  areas 
supplied  by  the  spared  root  were  stimu¬ 
lated,  There  was  a  subsequent  recovery  of 
responsiveness  owing  to  an  increase  in  high 
threshold  mechanoreceptive  input.  Thus  al¬ 
though  there  was  recovery,  the  recovered 
input  was  not  the  same,  or  in  the  same  pro¬ 
portions,  as  the  original  normal  input. 


Hindlimb  Deaffenntation 

To  study  the  effect  of  dorsal  rhizotomy 
on  loss  and  recovery  of  motor  function,  the 
dorsal  roots  Li-S^  were  cut  on  one  side  of 
the  spinal  cord  (76).  Reflex  and  overground 
locomotion  were  studied  as  in  the  other 
models.  The  initial  deficit  is  more  severe 
than  after  the  other  lesions  described  above. 
The  deafferented  limb  is  not  used  in  loco¬ 
motion  but  is  dragged  behind  the  animal  as 
it  walks  on  three  legs.  The  descending  re¬ 
flexes,  including  the  scratch  and  vestibular 
placing  reflexes,  are  eliminated.  All  seg¬ 
mental  reflex  behavior,  including  crossed 
reflexes  from  the  contralateral  hindlimb.  is 
abolished.  Recovery  begins  soon,  on  the 
second  postoperative  day,  and  consists  of 
participation  of  the  deafferented  limb  in  the 
step  cycle  for  overground  locomotion.  The 
frequency  of  stepping  is  reduced  from  nor¬ 
mal,  i.e.,  the  deafferented  limb  does  not 
step  each  time  the  contralateral  hindlimb 
steps.  The  kinematic  pattern  is  clearly  ab¬ 
normal  and  the  steps  of  the  deafferented 
limb  are  sometimes  hypermetric  and  some¬ 
times  hypometric.  There  is  also  some  re¬ 
covery  of  the  descending  scratch  and  ves¬ 
tibular  reflexes  during  the  first  postoperative 
week.  During  the  second  postoperative  week 
a  marked  change  is  seen  in  the  use  of  the 
deafferented  hindlimb.  The  limb  can  now  be 
used  for  accurate  placement  on  a  narrow 
(5  cm)  runway.  Although  weight-bearing  is 
somewhat  deficient,  the  animals  can  place 
the  limbs  under  the  center  of  gravity  and  bear 


weight.  Initially  there  are  many  errors,  but 
the  number  of  errors  decreases  and  the  speed 
of  crossing  increases. 

In  the  other  two  models,  hemisection  and 
spared  root,  the  relationship  between  pos¬ 
tural  reflex  recovery  and  recovery  of  loco¬ 
motion  could  be  examined.  Since  all  affer¬ 
ent  input  has  been  eliminated  on  one  side, 
a  similar  analysis  cannot  be  carried  out 
in  this  model.  However,  it  is  possible  to 
compare  descending  control  of  locomotor 
recovery  and  reflex  control  (Fig.  1). 
Overground  locomotion  depends  on  the 
presence  of  descending  input;  since  it  is 
conditioned,  it  presumably  requires  input 
from  the  brain.  Quadrupedal  treadmill  lo¬ 
comotion  requires  descending  input  of  the 
propriospinal  system  but  does  not  require 
supraspinal  control.  Bipedal  hindlimb  lo¬ 
comotion  requires  only  segmental  systems 
since  it  recovers  after  complete  spinal  tran¬ 
section.  When  these  three  types  of  loco¬ 
motion  are  examined  after  deaJfferentatton. 
it  becomes  clear  that  the  recovery  is  selec¬ 
tive.  Overground  locomotion  on  the  run¬ 
way  begins  to  recover  during  the  first  week. 
Quadrupedal  locomotion  on  the  treadmill 
begins  to  recover  during  the  second  week 
and  the  frequency  of  stepping  of  the  deaf¬ 
ferented  limb  is  permanently  reduced.  Bi¬ 
pedal  locomotion  on  the  treadmill  does  not 
recover  at  all.  This  implies  that  activation 
of  the  deafferented  limb  requires  descend¬ 
ing  supraspinal  or  propriospinal  input  but 
that  segmental  input  activated  by  the  con¬ 
tralateral  hindlimb  is  inadequate.  Thus  re¬ 
covery  of  locomotion  is  mediated  by  de¬ 
scending  systems  but  not  by  segmental 
systems,  or  segmental  systems  by  them¬ 
selves  cannot  mediate  locomotion  after 
deafferentation. 

This  result  was  surprising  considering 
that  the  spinal  pattern  generator  for  loco¬ 
motion  remained  intact.  We  considered  that 
after  deafferentation.  the  deafferented  limb 
might  be  dominated  by  some  descending  in¬ 
hibitory  system.  If  this  were  true,  then  re¬ 
moval  of  descending  input  after  recovery 
from  deafferentation  might  release  the  deaf- 
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FIG.  3.  These  diagrams  indicate  pattiways  required  for  the  three  types  of  locomotion  tested.  Con- 
ditiorted  overground  locomotion  requires  the  presence  of  descending  supraspinal  pathways.  Qua¬ 
drupedal  locomotion  on  a  treadmill  requires  descending  propriospinat  connections  between  the  fore- 
limb  and  hindlimb  segments  of  the  spinal  cord.  In  contrast,  bipedal  beadmill  locomotion  requires  only 
the  local  spinal  pattern  generators  in  the  lumbosacral  segments. 


ferented  limb  from  inhibition  and  permit  the 
return  of  bipedal  hindlimb  stepping.  There¬ 
fore  the  spinal  cord  was  transected  after  the 
recovery  from  deafferentation  had  reached 
a  plateau.  There  was  no  subsequent  recov¬ 
ery  of  locomotion  in  the  deafferented  limb 
and  even  the  recovery  of  locomotion  on  the 
other  side  was  slower  and  less  extensive 
than  in  otherwise  intact  spinal  cats.  An  al¬ 
ternative  explanation  for  the  results  is  that 
there  is  simply  inadequate  facilitation,  after 
deafferentation.  to  activate  locomotor  cir¬ 
cuits  on  the  deafferented  side  when  de¬ 
scending  pathways  are  inactivated  by  the 
behavioral  conditions  (i.e..  when  bipedal 
rather  than  quadrupedal  locomotion  is 
tested)  or  by  transection. 

These  behavioral  observations  cannot 
completely  define  the  mechanisms  under¬ 
lying  recovery.  The  anatomical  patterns 
seen  after  chronic  deafferentation  are.  how¬ 
ever.  consistent  with  the  pattern  of  recov¬ 
ery.  First,  there  is  a  complete  recovery  of 
terminal  number  in  major  target  areas  of  the 
dorsal  roots  (23).  Second,  when  the  distri¬ 
bution  of  staining  using  a  monoclonal  anti¬ 
body  specific  to  dorsal  roots  is  examined,  it 
is  clear  that  the  deafferented  side  remains 
depleted  of  dorsal  root  input  and  that  dorsal 
roots  from  the  intact  side  do  not  invade 
deafferented  regions  (30).  This  is  consistent 
with  the  observation  that  recovery  does  not 


depend  on  contralateral  systems.  Third,  an 
intemeuronal  system  containing  substance 
P  and  a  descending  system  containing  se¬ 
rotonin  both  exhibit  increases  in  transmit¬ 
ter  content  in  the  dorsal  horn  after  deaffer¬ 
entation  (II).  This  is  consistent  with  the 
idea  that  descending  control  is  important  in 
mediating  recovery  of  locomotion  after 
deafferentation. 

Mcchanisins  of  Sprouting 

There  are  two  classes  of  hypotheses  for 
mechanisms  that  may  regulate  sprouting;  I) 
receptor  modification  secondary  to  dener¬ 
vation.  which  promotes  formation  and  sta¬ 
bilization  of  new  synaptic  terminals,  and  2) 
release  of  growth  factors  in  the  environ¬ 
ment  that  can  stimulate  neurite  outgrowth 
and  synaptogenesis.  There  is  as  yet  rela¬ 
tively  little  direct  evidence  that  any  of  these 
factors  contribute  to  sprouting  in  vivo. 

Rtctpior  Modtfkation 

A  lesion  partially  denervates  its  target 
neuron  and  creates  vacant  synaptic  sites, 
which  may  evoke  denervation  supersensi¬ 
tivity  on  the  target  neuron.  The  experi¬ 
ments  to  relate  vacated  sites  or  receptor 
modification  to  the  formation  of  new  sy- 
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naptic  terminals  by  intact  neurons  have  not 
yet  been  done.  There  is.  however,  evidence 
that  dorsal  rhizotomy  which  modifies  both 
the  SP  and  the  5HT  projections  within  the 
dorsal  horn  ( 1 1 .19.21,50-52)  is  also  associ¬ 
ated  with  an  increase  in  the  density  of  ta¬ 
chykinin  receptors  (77-79)  and  a  down- 
regulation  of  5HT  receptors  (80).  These 
events  may  be  related  to  sprouting,  as  else¬ 
where  in  the  CNS,  The  N-methyl-D-aspar- 
tate  (NMDA)  receptor-mediated  portion  of 
the  excitatory  amino  acid  system,  for  ex¬ 
ample.  has  been  shown  to  play  an  impor¬ 
tant  role  in  activity-dependent  mechanisms 
associated  with  synaptic  plasticity  and  sta¬ 
bilization  in  other  CNS  systems  (81.82).  In 
the  denervated  hippocampus,  the  NMDA 
receptor  density  increases  transiently,  a 
phenomenon  that  might  promote  stabiliza¬ 
tion  of  newly  formed  synapses  from  sprout¬ 
ing  afferents  (84).  It  is  therefore  of  interest 
both  that  DRG  cells  contain  excitatory 
amino  acids  and  that  NMDA-binding  sites 
(83)  are  present  in  high  densities  in  regions 
of  the  dorsal  horn  where  plasticity  has  been 
demonstrated.  Surprisingly,  blockade  of 
the  NMDA  receptor  has  been  reported  to 
induce  sprouting  of  undamaged  dorsal  root 
afferents  in  adult  spinal  cord  (85).  It  is  likely 
that  new  information  on  the  role  of  receptor 
changes  in  sprouting  response  will  be  forth¬ 
coming. 

Growth  Factors 

Peripheral  sprouting  and  regeneration  are 
known  to  be  regulated  by  growth  factors  al¬ 
though  the  regulation  of  these  two  pro¬ 
cesses  may  be  different  (86).  There  is  con¬ 
siderable  evidence  that  polypeptide  growth 
factors  are  secreted  by  target  or  supporting 
cells,  bind  to  receptors  on  axons,  become 
internalized,  and  are  transported  retro- 
gradely  to  the  cell  body  where  they  activate 
genes  whose  expression  leads  to  synthesis 
of  proteins  necessary  for  neurite  outgrowth 
(87).  Both  NGF  and  insulin-like  growth  fac¬ 
tors  promote  sprouting  from  sensory  neu¬ 


rons  both  in  vitro  and  in  vivo  (88-^0).  and 
NGF  administration  will  prevent  some  ef¬ 
fects  of  peripheral  nerve  section  (91,921 
These  studies  suggest  that  one  stimulus  for 
plasticity  at  least  of  DRG  neurons  is  the 
elimination  of  NGF.  which  is  normally  sup¬ 
plied  to  the  DRG  neurons.  Synthesis  of 
growth-associated  proteins,  but  not  of  cy- 
toskeletal  elements  (92).  is  stimulated  by 
NGF.  and  increased  synthesis  of  GAP43  is 
associated  with  central  sprouting  (39.  92). 
The  identification  isolation,  and  function 
of  growth  factors  in  regulation  of  central 
sprouting  in  vivo  remains  a  challenge, 

INTRASPINAL  TRANSPLANTS 

in  the  previous  sections  we  have  docu¬ 
mented  the  considerable  plasticity  of  the 
spinal  cord  after  injury  in  the  adult  or  neo¬ 
natal  mammal.  A  next  step  is  to  attempt  to 
extend  or  enhance  the  naturally  occurring 
plasticity  of  spinal  neurons  by  introducing 
transplants  into  damaged  spinal  cord. 

One  strategy  for  promoting  recovery 
after  spinal  cord  iiyury  is  to  transplant 
brainstem  monoaminergic  neurons  that 
can  restore  function  without  reconstituting 
damaged  neuronal  circuits  (93.94).  The 
rationale  for  this  approach  is  based  on 
the  results  of  experiments  suggesting  that 
monoamines  administered  systemically  af¬ 
ter  spinal  cord  transection  can  activate  the 
intrinsic  spinal  cord  circuitry  that  mediates 
locomotor  (95)  or  autonomic  (%)  function. 
Both  brainstem  catecholaminergic  neurons 
important  for  locomotion  and  serotonergic 
neurons  important  for  autonomic  function 
have  been  transplanted  into  the  caudal  re¬ 
gion  of  transected  spinal  cord  (97).  The 
transplanted  noradrenergic  locus  coeruleus 
and  serotonergic  mesencephalic  or  medul¬ 
lary  raphe  neurons  extend  axons  for  up  to 
1-2  cm  into  host  spinal  cord  (94.98-101 ).  re¬ 
store  levels  of  neurotransmitter  depleted  by 
the  transection  (102.103),  and  terminate  in 
the  same  regions  as  in  normal  spinal  cord 
(101-103).  Transplanted  serotonergic  axons 


SPROUTING  AND  REGENERATION  IN  SPINAL  CORD 


255 


establish  synapses  on  host  motoneurons 
and  neurons  in  the  host  intermediolateral 
column  that  are  similar  to  those  formed  by 
brainstem  serotoninergic  axons  in  normal 
spinal  cord  (102,103).  The  projections  of 
transplanted  locus  coeruleus  neurons  have 
not  yet  been  studied  with  the  electron  mi¬ 
croscope. 

Both  types  of  transplanted  brainstem 
monoaminergic  neurons  contribute  to  re¬ 
covery  in  experimental  models  of  spinal 
cord  injury.  Rats  with  spinal  cord  transec- 
tions  recover  reflex  ejaculation  if  they  re¬ 
ceive  transplants  of  embryonic  raphe  sero¬ 
tonergic  neurons,  but  rarely  if  they  receive 
no  transplant  or  a  transplant  that  does  not 
contain  serotonergic  cells  (102.103).  Trans¬ 
planted  noradrenergic  locus  coeruleus  neu¬ 
rons  are  thought  to  account  for  the  recov¬ 
ery  of  hindlimb  flexion  reflexes  in  rats 
whose  catecholamines  have  been  chemi¬ 
cally  depleted  (104)  and  for  the  recovery  of 


reflex  stepping  activity  in  rats  whose  spinal 
cord  has  been  transected  (105).  These  em¬ 
bryonic  transplants  therefore  contribute  to 
behavioral  recovery  although  they  have 
been  placed  in  the  spinal  cord  caudal  to 
transection  and  cannot  be  regulated  nor¬ 
mally  by  the  host  or  restore  the  damaged 
neuronal  circuits.  The  activation  of  intrin¬ 
sic  spinal  cord  networks  by  the  release  of 
transmitter  onto  or  in  the  vicinity  of  the 
norma]  targets  of  these  neurons  appears  to 
be  adequate  to  account  for  the  recovery  of 
these  behaviors. 

The  recovery  of  other  types  of  behavior 
lost  after  spinal  cord  injury  is  likely  to  re¬ 
quire  more  faithful  reconstruction  of  the 
damaged  neuronal  circuits.  Additional 
strategies  using  peripheral  nerve  grafts  or 
embryonic  spinal  cord  transplants  have 
therefore  been  developed.  Such  transplants 
may  contribute  to  the  restoration  of  func¬ 
tion  in  at  least  three  ways  (Fig.  4):  I)  by 


Bridge  Relay  Rescue 


PIG.  4.  Digram  illustrating  three  possible  mechanisms  by  which  intraspinal  transplants  can  en¬ 
hance  locomotor  function  after  spinal  cord  injury.  The  transplant  fpa/e  area;  is  shown  at  the  site  of 
spinal  transection.  The  four  neurons  in  the  lower  portion  of  each  diagram  represent  the  lumbar  spinal 
pattern  generator  for  locomotion.  The  vertical  lines  in  the  left  and  middle  diagrams  represent  the 
axons  of  supraspinal  and  propriospinal  neurons  or  of  neurons  within  the  transplant  and  in  the  third 
diagram  the  axons  of  neurons  within  the  lumbar  pattern  generator.  Bridge  shows  axons  of  host 
neurons  traversing  the  transplant.  Reley  shows  the  establishment  of  connectioro  within  the  trans- 
ptam  between  the  awons  of  host  and  transplant  neurons.  Rescue  shows  the  survival  of  axotomized 
host  pattern  generator  neurons  that  would  otherwise  die.  (Reproduced  by  permission  from  ref.  30.) 
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rescuing  axotomized  neurons  that  would 
otherwise  die;  2)  by  serving  as  a  conduit  for 
the  regrowth  of  damaged  host  axons  di¬ 
rectly  across  an  area  of  damage:  3)  by  serv¬ 
ing  as  a  site  in  which  relays  are  established 
between  neurons  in  host  spinal  cord  and 
neurons  in  the  transplant  that  may  project 
to  host  neurons. 

Segments  of  peripheral  nerve  rescue  ax¬ 
otomized  retinal  ganglion  ceils  (106)  and 
when  inserted  into  the  spinal  cord  support 
the  elongation  of  intraspinai  axons  (107- 
109).  The  axons  of  DRG  neurons  and  those 
that  originate  from  neurons  whose  peri- 
karya  are  located  close  to  the  site  of  inser¬ 
tion  appear  favored  to  grow.  The  axons  of 
supraspinal  neurons  that  have  been  injured 
farther  from  their  perikarya  are  less  likely 
to  project  into  the  grafts  (108).  CNS  axons 
can  grow  within  the  peripheral  nerve  graft 
for  distances  that  exceed  their  normal 
length,  and  retinal  axons  establish  synapses 
on  normal  target  neurons  that  retain  the 
normal  morphological  features  and  activate 
the  target  neurons  (reviewed  in  110).  After 
leaving  the  peripheral  nerve  graft,  however, 
the  CNS  axons  show  very  limited  growth 
within  the  host  parenchyma  and  terminate 
within  1-2  mm  of  the  end  of  the  graft  (111). 
Peripheral  nerve  grafts  have  contributed  a 
great  deal  to  our  understanding  of  the  im¬ 
portance  of  the  neuron's  environment  for 
regeneration,  but  their  contribution  to  func¬ 
tional  recovery  after  spinal  cord  injury  has 
received  little  attention. 

Eighty  to  90%  of  embryonic  spina!  cord 
transplants  now  survive  in  the  acutely  in¬ 
jured  spinal  cord  of  adult  and  newborn  rats 
(112.113)  and  in  the  chronically  injured  spi¬ 
nal  cord  of  adult  rats  (114).  Transplants  also 
survive  in  the  completely  severed  spinal 
cord  (115,116).  Although  they  tack  the 
characteristic  butterfly  shape  of  normal 
spinal  cord  gray  matter,  several  morpholog¬ 
ical  features  of  these  transplants  encourage 
the  expectation  that  transplants  can  con¬ 
tribute  to  the  reconstruction  of  interrupted 
neuronal  circuits  and  replace  damaged  pop¬ 
ulations  of  spinal  cord  neurons.  For  exam¬ 


ple.  areas  develop  within  transplants  that 
resemble  substantia  gelatinosa  (l|7).  sup¬ 
porting  the  hypothesis  that  transplants 
might  function  as  relays.  The  astrocytic  re¬ 
action  that  develops  between  transplant 
and  host  is  interrupted  by  regions  in  which 
the  tissues  are  apposed  and  processes  pass 
from  one  to  the  other  (113).  Transplants 
may  also  reduce  the  extent  of  the  astrocytic 
scarring  that  follows  spinal  cord  injury 
(114.118).  which  is  thought  to  represent  an 
obstacle  to  regeneration. 

The  connectivity  oetween  transplants 
and  adult  hosts  has  been  studied  by  tract 
tracing  and  immunocytochemical  tech¬ 
niques.  and  electrophysiologicai  methods 
are  beginning  to  be  employed.  Feta!  spinal 
cord  neurons  transplanted  into  adult  spinal 
cord  form  an  extensive  network  of  connec¬ 
tions  with  one  another;  however,  few  donor 
neurons  extend  processes  into  host  spinal 
cord,  and  most  of  these  terminate  near  the 
interface  between  transplant  and  host  ( 1 19). 
The  number  of  host  spinal  neurons  that  ex¬ 
tend  processes  into  transplants  is  also  lim¬ 
ited.  and  the  perikarya  of  most  of  these  are 
located  within  0.5  mm  of  the  interface 
( 1 19).  Only  a  few  corticospinal  ( 120. 121  >  or 
serotonergic  brainstem  (113)  axons  are 
found  within  transplants  placed  into  aspi¬ 
ration  cavities  made  in  adult  spinal  cord, 
and  these  axons  also  penetrate  only  a  short 
distance  into  the  transplants.  In  adult  hosts, 
therefore,  it  seems  unlikely  that  transplants 
can  function  as  conduits  that  will  allow  re¬ 
generating  axons  to  traverse  a  region  of  in¬ 
jury.  When  transplants  are  placed  into  ex- 
citotoxic  rather  than  aspiration  lesions 
where  cells  are  killed  but  axons  spared  and 
the  observed  growth  represents  axonal 
sprouting  rather  than  regeneration,  central 
monoaminergic  axons  grow  more  robustly 
than  corticospinal  or  rubrospinal  axons 
(122). 

Hie  possibility  that  embryonic  spinal 
cord  transplants  might  function  as  the  site 
of  relays  between  sets  of  irtjured  adult  ax¬ 
ons  has  been  tested  by  studying  the  ability 
of  cut  dorsal  roots  to  regenerate  into  trans- 
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plants  (123).  The  cut  central  processes  of 
DRG  neurons  cannot  regenerate  into  adult 
spinal  cord  in  the  absence  of  a  transplant, 
but.  when  provided  with  a  transplant,  at 
least  the  subset  of  dorsal  roots  that  contains 
CGRP  grows  in  sufficient  numbers  to  allow 
features  of  their  growth  to  be  analyzed 
quantitatively  (123-126).  The  terminals  of 
regenerated  CGRP-containing  dorsal  roots 
form  synapses  with  transplant  neurons;  as 
in  lamina  1  of  normal  dorsal  horn,  most  of 
these  are  axodendritic  and  simple  and  com¬ 
plex  synaptic  contacts  are  present  in  pro¬ 
portions  similar  to  normal  (125).  Differ¬ 
ences  between  the  synapses  formed  in 
transplants  and  normal  lamina  I  are  also 
found.  For  example,  regenerated  CGRP- 
containing  axons  are  significantly  more 
likely  to  form  axoaxonic  synapses  than  nor¬ 
mal.  Nevertheless,  the  presence  within 
transplants  of  regenerated  primary  afferent 
synapses  with  normal  features  supports  the 
notion  that  transplants  can  support  or  en¬ 
courage  the  formation  of  relays  across  re¬ 
gions  of  damaged  spinal  cord.  Our  obser¬ 
vation  that  the  axons  of  donor  neurons 
grow  into  host  sciatic  nerve  at  least  raises 
the  possibility  that  transplants  can  contrib¬ 
ute  to  reestablishing  a  damaged  segmental 
reflex  arc  (123). 

The  possibility  that  fetal  spinal  cord 
transplants  might  rescue  axotomized  neu¬ 
rons  that  would  otherwise  die  was  first  con¬ 
firmed  in  newborn  rats  (127).  Rubrospinal 
neurons  were  permanently  rescued  by 
transplants  of  embryonic  spinal  cord,  a  nor¬ 
mal  target  of  rubrospinal  axons,  but  not  by 
hippocampus,  suggesting  that  survival  after 
injury  depended  on  target-specific  factors. 
We  have  subsequently  found  that  the  neu¬ 
rons  of  Clarke's  nucleus  are  rescued  in 
newborn  rats  not  only  by  fetal  transplants 
of  their  normal  targets,  cerebellum  and  spi¬ 
nal  cord,  but  also  by  transplants  of  embry¬ 
onic  neocortex  (128).  The  axons  of  Clarke’s 
nucleus  neurons  do  not  normally  encounter 
neocortex,  which  is  therefore  an  inappro¬ 
priate  target  for  these  neurons.  This  result 
suggests  that  the  neurons  of  Clarke's  nu¬ 


cleus  can  be  rescued  by  several  different 
factors  or  by  a  single  factor  that  is  produced 
in  several  regions  of  the  embryonic  CNS. 
This  factor  has  not  yet  been  identified.  It 
appears  not  to  be  produced  ubiquitously  in 
the  fetal  CNS.  however,  because  axotom¬ 
ized  Clarke  s  nucleus  neurons  die  in  spite  of 
the  presence  of  embryonic  striatum  trans¬ 
plants  (129).  Embryonic  CNS  transplants 
also  rescue  Clarke  s  nucleus  neurons  after 
axotomy  in  adult  rats  ( 128).  suggesting  that 
transplants  can  contribute  to  recovery  in 
adult  as  well  as  in  newborns. 

When  placed  into  the  spinal  cord  of  new¬ 
born  rats,  embryonic  spinal  cord  trans¬ 
plants  function  as  conduits  that  stimulate  or 
allow  the  axons  of  supraspinai  neurons  to 
grow  across  the  site  of  injury.  The  axons  of 
corticospinal  neurons  (121)  and  of  seroton¬ 
ergic  (130)  and  other  brainstem  neurons 
(131)  traverse  transplants  placed  in  the  in¬ 
jured  thoracic  spinal  cord  of  newborn  rats 
and  extend  into  their  normal  regions  of  ter¬ 
mination  as  far  caudal  as  the  lower  lumbar 
segments  of  host  spinal  cord.  In  part  the 
greater  growth  of  newborn  axons  is  due  to 
the  continued  elongation  of  developing  ax¬ 
ons  that  have  not  reached  thoracic  levels  at 
the  time  of  transplantation  and  therefore 
have  not  been  axotomized.  At  least  some  of 
those  axons  that  reach  the  lumbar  seg¬ 
ments.  however,  were  interrupted  by  the 
spinal  cord  lesion  and  then  regenerated 

(131) . 

The  idea  has  been  tested  that  the  axons 
that  have  traversed  the  site  of  spinal  cord 
injury  and  transplantation  alter  the  devel¬ 
opment  or  recovery  of  locomotor  function 

(132) .  Newborn  rats  that  received  subtotal 
thoracic  spina)  cord  injuries  and  transplants 
of  embryonic  spinal  cord  were  examined 
with  a  battery  of  tests  and  compared  to  rats 
that  received  lesions  but  no  transplant.  Rats 
with  transplants  performed  better  than  rats 
with  thoracic  spinal  cord  lesions  alone.  For 
example,  when  examined  8-12  weeks  post- 
operatively.  rats  with  transplants  crossed  a 
mesh  runway  more  quickly  and  made  fewer 
errors  in  foot  placement  than  the  group 
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with  lesion  only.  They  also  recovered  more 
quickly  from  their  errors.  The  results  of  this 
study  therefore  support  the  notion  that  ax¬ 
ons  that  traverse  the  transplant  and  grow 
into  caudal  host  spinal  cord  are  responsible 
for  the  improved  performance.  Because  the 
spinal  cord  lesion  was  incomplete,  how¬ 
ever.  other  mechanisms  for  the  improved 
performance  are  possible.  One  possibility 
is  that  the  transplants  have  changed  the  re¬ 
sponse  to  injury  of  the  residual  host  spinal 
cord  adjacent  to  the  transplant  and  al¬ 
lowed  axons  of  supraspinal  neurons  to  grow 
through  host  spinal  cord  rather  than  through 
the  transplant.  The  axons  of  corticospinal 
neurons  are  known  to  grow  through  regions 
of  newborn  spinal  cord  adjacent  to  injury 
(133).  and  transplants  of  DRG  neurons  and 
Schwann  cells  have  been  shown  to  enhance 
this  response  (134).  Therefore,  supraspinal 
axons  that  have  traversed  host  spinal  cord 
rather  than  the  transplant  may  account  for 
the  improved  locomotor  function  or  may 
have  contributed  to  the  improved  perfor¬ 
mance. 

Locomotor  function  is  also  being  evalu¬ 
ated  by  Howland  in  newborn  cats  that 
received  a  transplant  into  the  site  of  a 
complete  spinal  cord  transection.  These  ex¬ 
periments  complement  those  in  rat  because 
the  spinal  cord  lesion  is  complete  rather 
than  subtotal,  locomotor  function  can  be 
analyzed  in  greater  detail  in  the  cat  than  in 
rat,  and  because  the  anatomical  pathways 
that  account  for  various  types  of  locomotor 
performance  are  better  defined  in  cat  than 
in  rat.  Three  types  of  locomotion,  which  are 
mediated  by  three  different  types  of  spinal 
systems,  have  been  analyzed  in  the  cat  (re¬ 
viewed  in  30).  Hindlimb  motion  on  a  mov¬ 
ing  treadmill  (bipedal  reflex  locomotion) 
requires  only  that  the  spinal  pattern  gener¬ 
ators  for  each  hindlimb  and  the  connections 
between  them  remain  intact.  Reflex  loco¬ 
motion  on  a  treadmill  that  requires  coordi¬ 
nation  between  forelimbs  and  hindlimbs 
(quadrupedal  reflex  locomotion)  depends 
on  propriospinal  connections  between  fore¬ 


limb  and  hindlimb  pattern  generators  m  the 
cervical  and  lumbar  spinal  cord  as  well  as 
on  the  pattern  generators  themselves.  Con¬ 
ditioned  (voluntary)  overground  locomo¬ 
tion  for  a  food  reward  depends  on  intact 
pathways  descending  from  brain  as  well  as 
on  intact  segmental  and  intersegmentai 
connections.  In  cats  with  thoracic  spinal 
cord  transections  that  have  received  a 
transplant  on  the  day  after  birth,  perfor¬ 
mance  of  quadrupedal  reflex  locomotion 
will,  therefore,  suggest  that  propriospinal 
connections  have  grown  across  the  trans¬ 
plant  either  directly  or  via  relays.  In  these 
animals,  the  presence  of  conditioned  over¬ 
ground  locomotion  will  suggest  the  growth 
of  axons  with  perikarya  in  the  brain. 

The  locomotor  function  of  two  cats  that 
received  transplants  of  £26  spinal  cord  into 
T12  transections  on  the  day  after  birth  has 
been  examined  for  periods  of  6  weeks  and 
5  months  (115.135).  These  cats  were  com¬ 
pared  to  two  cats  with  transections  on 
the  day  after  birth  that  did  not  receive 
transplants.  Both  groups  developed  quad¬ 
rupedal  locomotion  in  addition  to  bipedal 
locomotion,  but  the  group  with  transplants 
achieved  overground  locomotion  approxi¬ 
mately  6  weeks  earlier  than  the  group  with 
transection  alone.  The  preliminary  results 
also  indicate  that  the  performance  of  ani¬ 
mals  with  transplants  is  far  superior  to 
those  with  transection  alone  in  the  ability  of 
the  animals  to  support  their  weight,  to  main¬ 
tain  postural  stability,  and  to  coordinate  the 
movement  of  forelimbs  and  hindlimbs. 
Even  in  animals  with  transplants,  however, 
the  coordination  is  only  sometimes  similar 
to  that  of  normal  cats,  and  overground  lo¬ 
comotion  is  abnormal.  The  postural  stabil¬ 
ity  of  the  hindlimbs,  for  example,  is  im¬ 
paired,  the  step  cycle  is  prolonged,  and  the 
normal  1:1  pairing  of  forelimb  and  hindlimb 
step  cycles  is  inconsistent.  In  both  cats  that 
received  transplants  and  were  studied  be- 
haviorally,  histological  evaluation  revealed 
transplants  to  be  present. 

Preliminary  studies  are  also  being  carried 
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out  to  identify  the  anatomical  connections 
in  these  cats  (135).  One  animal  that  re¬ 
ceived  a  transplant  of  E2I  spinal  cord  has 
so  far  been  studied.  Descending  serotoner¬ 
gic  and  noradrenergic  axons  whose  cell 
bodies  are  in  the  brainstem  grow  exten¬ 
sively  in  this  transplant  and  enter  host  spi¬ 
nal  cord  caudal  to  the  transplant.  Seroton¬ 
ergic  axons  grow  as  far  caudally  as  the  host 
L6  segment.  Regenerated  CGRP-immuno- 
reactive  host  dorsal  roots  and  substance  P- 
containing  processes  that  arise  from  multi¬ 
ple  sources  are  also  found  throughout  the 
transplants,  where  they  are  accumulated  in 
some  areas  that  resemble  the  substantia  ge- 
latinosa  and  superficial  dorsal  horn  of  nor¬ 
mal  spinal  cord.  These  preliminary  results 
indicate  that  transplants  enhance  the  devel¬ 
opment  of  locomotor  function  in  newborn 
cats  with  complete  spinal  cord  transections 
and  suggest  that  this  effect  is  mediated  by 
descending  axons  that  grow  into  the  trans¬ 
plants.  Whether  these  axons  alone  account 
for  the  enhanced  locomotor  function  re¬ 
mains  to  be  determined. 

SUMMARY 

Plasliciij  of  undamaged  projections  in 
the  adult  mammalian  spinal  cord  has  been 
documented  many  times  and  by  a  number 
of  different  methods,  including  degenera¬ 
tion  techniques,  tract  tracing,  immunocy- 
tochemistry.  and  quantitative  electron  mi¬ 
croscopy. 

Sprouting  in  the  adult  appears  to  be  spa¬ 
tially  limited  and  regulated  rather  than  ran¬ 
dom.  When  damage  is  made  in  the  neonate, 
the  amount  of  sprouting  or  the  distance 
over  which  sprouting  takes  place  is  usually, 
but  not  always,  greater  than  in  the  adult.  In 
some  paradigms,  the  sprouting  has  been  as¬ 
sociated  with  recovery  of  motor  behavior, 
and  specific  systems  that  sprout  can  be  re¬ 
lated  to  recovery  of  specific  functions.  This 
normally  occurring  plasticity  may  be  en¬ 
hanced  by  the  use  of  embyronic  CNS  or  pe¬ 
ripheral  nerve  transplants;  furthermore. 


transplants  can  encourage  axonal  growth 
For  example,  cut  dorsal  root  fibers  will 
grow  into  a  spinal  cord  transplant  and  make 
connections  that  appear  morphologically 
similar  to  normal.  Descending  projections 
can  also  grow  into  the  transplant  and,  in  the 
neonate,  these  axons  grow  not  only  into  the 
transplants  but  also  extend  caudal  to  the 
transplants  and  into  the  host  spinal  cord. 
These  animals  display  greater  and  qualita¬ 
tively  different  recovery  of  function  than 
those  with  lesions  but  not  transplants.  At 
the  present  time,  the  mechanisms  under¬ 
lying  transplant-mediated  recovery  are 
unclear.  For  example,  we  do  not  know 
whether  transplanted  tissue  acts  as  a  bridge 
or  as  a  relay  in  order  to  mediate  recovery. 
The  anatomical  and  functional  analyses 
that  have  been  carried  out  in  sprouting  sys¬ 
tems  have  not  yet  been  applied  to  trans¬ 
plants.  Such  studies  will  undoubtedly 
contribute  to  our  understanding  of  the 
mechanisms  by  which  transplants  can  con¬ 
tribute  to  enhanced  recovery  of  function  af¬ 
ter  spinal  injury. 
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Inirodurtion 

Demonstration  that  grafts  of  fetal  central  nervous 
system  (CNS)  tissue  can  reverse  deficits  associated 
v^'ith  a  variety  of  brain  disorders  and  lesions  has  led 
to  several  recent  examinations  of  whether  em¬ 
bryonic  neural  tissue  can  also  be  used  to  promote 
functional  recovery  in  the  injured  spinal  cord.  In 
this  regard,  the  emphasis  of  intraspinal  transplan¬ 
tation  is  usually  placed  upon  the  potential  of  fetal 
cell  implants  to  restore  locomotion.  It  is  also  of 
great  interest,  however,  to  define  whether  such 
transplants  can  ameliorate  any  of  the  other  fre¬ 
quent  complications  of  spinal  cord  trauma,  such  as 
spasticity  and  chronic  pain. 

\Vhile  from  this  perspective  of  functional  repair 
it  is  conceivable  that  some  deficits  may  be  reduced 
by  restoring  appropriate  levels  of  neurotransmii- 
ters  in  neuronal  pools  below  the  lesion,  the  recov  ¬ 
ery  of  other  functions  might  very  well  require  con¬ 
siderable  remodeling  of  synaptic  circuitries  in  the 
host  spinal  cord.  Since  the  latter  would  demand  the 
formation  of  extensive  afferent  and  efferent  ax¬ 
onal  projections,  it  seems  that  fundamental  to  the 
restoration  of  spinal  cord  function  via  transplanta¬ 
tion  is  the  need  to  establish  a  suitable  morpholo¬ 
gical  substratum  whereby  donor  neurons  can  ulti¬ 
mately  influence  the  host  CNS.  In  particular,  con¬ 
sideration  should  be  given  to  whether  the  anatomi¬ 
cal  setting  associated  with  various  types  of  spinal 
cord  injury,  including  those  resembling  lesions  in 


the  human,  can  influence  the  feasibility  of  in¬ 
traspinal  transplantation  and  the  relative  extent  to 
which  neural  interconnections  arc  formed.  Along 
these  lines,  the  present  chapter  summarizes  obser¬ 
vations  from  our  recent  neuroanaiomical  and  im- 
munocyiochemical  studies  in  which  we  have  ex¬ 
amined;  (1)  the  pattern  of  axonal  connectivity 
established  with  fetal  homotopic  (i.e.  spinal  cord) 
grafts  into  the  acutely  injured  spinal  cord,  (2)  the 
influence  of  an  existing  histopathology  on  survival 
of  these  transplants  and  their  integration  with  the 
hos'i  spinal  cord  in  chronic  lesions,  and  (?)  the 
feasibility  of  transplantation  into  chronic,  contu¬ 
sion  lesions. 


Seuroanaioinicvl  Siudies  of  Feta!  CSS  Craft!'  in 
Acute  Spinal  Cord  Lesions 


Two  basic  intraspinal  crafting  strategies  are  cur¬ 
rently  being  investigated  for  their  potential  to  pro¬ 
mote  functional  repair  of  the  damaged  spinal  cord 
(Nornes  di  al.,  1984;  Reier,  1985).  The  first  entails 
the  injection  of  dissociated  fetal  cells,  enriched 
with  selected  neuronal  populations  of  supraspinal 
origin,  into  the  parenchyma  of  the  spinal  cord 
caudal  to  the  site  of  injury  (for  details,  see  Chapter* 
00,  this  volume  and  Bjorklund  et  al.,  1983,  1986;^ 
Buchanan  and  Nornes,  1986;  Privat  ei  al.,  1986). 
The  second  approach,  which  is  the  focus  of  this 
chapter,  involves  the  implantation  of  tissue  into 
the  lesion  site  itself.  In  theory,  this  strategy  could 
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be  useful  in  csiablishinc  a  more  fasorabie  cellular 
niieiocn\ ironmcni  for  axonal  eloncaiion  bciwccn 
separated  segments  of  the  spinal  cord  through  the 
development  of  a  tissue  bridge.  It  is  also  con¬ 
ceivable  ;hai  fetal  neural  tissue  crafts  at  the  site  of 
injury  could  stimulate  functional  recovery  by 
forming  a  novel  spino-spinal  relay  network  be¬ 
tween  the  rostral  and  caudal  stumps  (Fig.  I). 

We  originally  reported  long-term  survival  and 
some  organotypic  differentiation  of  feta!  homo- 
topic  tissue,  introduced  as  whole  tissue  segments, 
in  acute  hemiseciion  cavities  of  the  adult  spinal 
cord  (Reier,  1985;  Reier  el  al.,  1985,  1986a,b). 
More  recently,  we  have  also  shown  that  it  is  possi¬ 
ble  to  reconstruct  large  iniraspinal  defects  with 


suspensions  of  dissociated  fetal  spinal  cord  cells 
(Houle  and  Reier.  1986).  In  most  cases,  both  types 
of  graft  spanned  the  length  (up  to  6  mm)  of  the  le¬ 
sion  and  partially  fused  with  the  injured  rostral 
and  caudal  surfaces  of  the  recipient  spinal  cord. 
We  subsequently  began  chaning  projections  dev¬ 
eloped  between  fetal  intraspina!  grafts  (one  to  four 
months  post-transplantation)  and  the  adult  host 
CNS  M  jdentifia^ith  retrograde  and  anterograde 
horseradish  permidase  (HRP)  tracing  methods 
(Reier  et  al.,  )986a,b). 

Injection  of  the  tracer  into  either  the  rostral  or 
caudal  segments  of  the  host  spinal  cord  at 
distances  of  5  -  7  mm  from  the  host-graft  interface 
resulted  in  retrograde  labeling  of  donor  neurons; 
no  labeling  was  observed,  however,  following 
-tracer  injections  at  greater  distances  from  the  graft 
site.  Taking  into  account  some  diffusion  of  HRP, 
we  estimate  that  the  maximum  outgrowth  range  of 
most  axons  from  fetal  spinal  cord  neurons  into  the 
host  spinal  cord  is  on  the  order  of  3  -  5  mm.  Our 
findings  thus  far  indicate  considerable  variability 
in  the  number  of  labeled  donor  cells  from  one  reci¬ 
pient  to  another.  On  the  other  hand,  there  appears 
to  be  a  consistent  pattern  in  the  distribution  of 
HRP-comaining  neurons  in  these  homotopic  graft 
as  the  majority  are  located  near  the  host-grafts  in¬ 
terface  w  ith  much  smaller  numbers  of  labeled  cells 
being  present  at  the  opposite  pole  of  the  grafts. 

-  injections  of  HRP  into  the  host  spinal  cord  hav  c 
also  demonstrated  some  anterocradely  labeled  ax¬ 
ons  projecting  for  short  distances  into  grafts.  This 
observ  ation  was  consistent  with  the  fact  that  when 
HRP  was  injected  into  transplants  in  other  ex¬ 
periments.  some  rctrogradelv  labeled  host  neurons 
were  present  in  the  intermediate  gray  regions  of  ad¬ 
jacent  spinal  cord  segments.  It  is  also  worth  noting 
that  with  small  injections  into  the  larger  grafts, 
widespread  donor  neuron  labeling  was  seen 
beyond  anv  detectable  zone  of  tracer  spread.  This 
indicates  -considerable  iniragraft  connectivity. 

While  in  this  second  group  of  experiment v. 
labeled  ceJis  were  observed  in  the  host  CNS,  none 
were  found  beyond  5  mm  from  the  host -graft  junc¬ 
tion,  suggesting  an  absence  of  any  long  pro- 
priospinal  or  supraspinal  input.  Other  ex¬ 
periments.  however,  involving  immunocviochem- 
isiry  revealed  some  growih  of  seroioninergic  (5- 
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HT)  fibers  inio  the  grafts;  these  5-HT-like  im-  (calcitonin  gcne-nrlaied  neptide)  v\e  ha^c  also 

munoreactive  fibers  usually  terminated  within  a  oliserved  that  primary  afferent  fibers  can  extend 

relatively  short  distance  beyond  the  host-graft  in-  directly  from  the  host  spinal  cord  into  either 

terface.  Thus,  failure  to  obtain  retrograde  labeling  homotopic  or  hctcroiopic  grafts  (Fig.  2)  placed 

of  cells  in  the  host  brainstem  following  HRP  injec-  near  the  thoraco  lumbar  junction.  The  ingrowth  of 

tions  of  the  transplant  may  have  been  due  to  the  ef-  primary  afferent  fibers  is  of  special  interest  given 

fective  injection  site  (i.c.  toward  the  center  of  the  that  areas  resembling  the  sujjerficial  dorsal  horn  - 

grafts  to  avoid  spread  of  tracer)  being  out  of  a  target  for  CGRP-immunoreactive  fibers  -  fre- 

register  with  the  terminal  fields  of  these  axons.  quently  appear  within  homotopic  transplants 

This  may  also  explain  why  only  a  small  number  of  (Reier  ei  al.,  1986a.b). 

host  intraspinal  neurons  was  labeled  following  in-  Because  of  difficulties  frequently  encountered 
jection  of  theliomotopic  grafts.  with  tracer  diffusion  either  following  injection  of 

The  most  robust  innen'ation  of  intraspinal  the  transplant  or  of  the  host  spinal  cord  near  the 

grafts  that  we  have  observed  thus  far  has  derived  host-graft  interface,  we  still  regard  these  gndings 

from  host  primary  afferent  fibers.  As  shown  by  as  being  an  overly  conservative  estimate  of  the 

Tessler  ct  al.  elsewhere  in  this  volume  (see-Chapter  degree  of  connectivity  achieved  under  these  condi- 

27),  insertion  of  dorsal  roots  directly  into  in-  tions.  For  example,  silver-stained  or  plastic  thick 

traspinal  transplants  can  result  in  an  extensive  in-  sections  taken  from  regions  where,  a  confluent 

growth  of  sensory  axons.  Using  antibody  to  CGRP  neuropil  is  established  between  host  and  graft  sug- 


Fij  I.  A  diagcair.  illustratinp  various  wavj  ir.  which  an  iniraspir.a!  graft,  introduced  a;  the  silt  of  injur>.  nta>  establish  a  nc'e!  spino- 
spina?  reJat  for  conduction  of  motor  and  sensors  infermatior.  past  the  lesion  The  sarious  confieura-ion'  of  neura!  circuiiri-s  and 
the  relatisr  lenitlf  of  avv^na!  projectipr-  inu'  and  out  o'  ;ht  era':  arc  ba-?d  upon  e.iJ;n:t  obtained  in.  the  neuroar.atorr.ica*  sudii- 
desciibed  ir.  the  test 


jgesi  considerable  ncuritic  growth  bciwecn  the  iwo 
areas.  In  fact,  some  sections  have  even  indicated 
considerable  extension  of  dendrites  across  these  in¬ 
terfaces.  This  has  been  further  supported  more 
recently  by  experiments  involving  retrograde  label¬ 
ing  of  host  motoneurons  with  cholera  toxin- 
conjugated  HRP. 

Despite  some  of  the  technical  problems  mention¬ 
ed  which  we  are  now  trying  to  resolve  with  other 
axonal  tracing  methods,  our  results  provide  some 
useful  information  concerning  the  pattern  of  con¬ 
nectivity  that  can  be  achieved  in  the  acutely  injured 
spinal  cord,  '^'hile  there  is  presently  no  evidence  in 
support  of  homotopic  grafts  serving  as  a  bridge  for 
axonal  elongation  in  adult  recipients,  our  initial 
neuroanatomical  findings  favor  the  potential  of 
fetal  CNS  tissue  grafts  for  developing  a  relay  cir¬ 
cuit  at  the  injury  site.  As  summarized  in  Fig.  1,  our 
evidence  suggests  that  this  relay  can  assume  a 


variety  of  configurations  involving  mono-,  di-  or 
polysynaptic  relationships  within  the  transplant. 

One  of  the  major  challenges  that  confronts  this 
approach  to  spinal  cord  repair,  of  course,  is  to 
determine  how  descending  influences  which  may 
be  transmitted  through  this  relay  can  then  be  con¬ 
ducted  to  affected  motoneuron  pools.  In  the 
absence  of  long-tract  regrowth,  this  would  ob- 
x'iously  require  activation  of  intersegmental  cir¬ 
cuitries  caudal  to  the  injury  (Fig.  1).  Funhermore. 
apart  from  some  serotoninergic  input  to  homo¬ 
topic  transplants,  it  is  still  unknown  whether  any 
other  descending  systems  innervate  these  grafts.  It 
is  interesting,  howpever,  that  dher  studies  in  this 
laboratory  (Jakeman  and  Reier,  1987)  have  in¬ 
dicated  that  many  severed  corticospinal  fibers  and 
their  collateral  projections  into  gray  matter  remain 
distributed  along  the  host-graft  interface.  By  vinue 
of  an  outgrowth  of  dendrites  from  donor  neurons 


near  this  interface,  it  seems  possible  that  some 
form  of  neural  interaction  could  be  achieved  even 
in  the  absence  of  regeneration. 

Clial  Interfaces  at  host-graft  junctions  foUo^ring 
transplantation  into  acute  and  chronic  lesions 


We  and  others  (Nornes  et  al.  1983,  Das,  1983)  have 
observed  sites  of  excellent  fusion  of  host  and  craft 
tissue  (Fig.  3a):  however  this  is  a  highly  variable 
feature.  For  example,  in  the  same  specimen  one 
can  observe  many  regions  in  which  a  graft  is 
separated  from  host  tissue  by  microcysts  or 
astroglial  scars.  This  is  espectally  prevalent  in 
-regions  of  degenerated  white  matter  (Fig.  3a), 
although  the  same  is  seen  in  many  areas  where  the 
grafts  approximate  (but  do  not  fuse  with)  host  gray 
matter  (Fig.  3b). 

As  discussed  in  recent  reviews  (Reier  et  al, 
1983a;  Reier,  1986;  Reier  and  Houle,  1987),  a  con¬ 
siderable  body  of  evidence  suggests  that  glial  scars 
are  incompatible  with  sustained  axonal  elongation 
in  the  mature  CNS,  although  the  mechanism  un¬ 
derlying  this  inhibitory  effect  has  still  not  been 
identified.  The  ability  of  glial  scars  to  compromise 
the  ouigrosvth  of  axons  from  fetal  grafts  has  also 
been  indicated  in  our  intraspinal  transplantation 
studies.  For  example,  we  have  observed  many  in¬ 
stances  in  which  axons  from  donor  neurons  are  ap¬ 
parently  deflected  back 'into  the  transplant  upon 
reaching  dense  gliotic  areas  along  the  host-graft  in¬ 
terface. 

In.  view  of  these  observations,  the  exten:  to 
which  connectivity  can, he  achieved  between  host 
and  craft  appears  to  be  at  least  partly  dependent 
upon  the  extent  of  glia!  reactivity  at  the  transpian- 
tation  site.  From  a  more  clinical  perspective,  this 


raises  some  questions  regarding  the  feasibility  of 
transplantation  intoAch^enk  lesions  characterized 
by  a  long-standing  histopaihology  that  can  include 

ev'ensive  ghesi''. 

In  the  only  published  study  in  which  a  delay 
prior  to  intraspinal  transplantation  of  fetal  CNS 
tissue  was  attempted,  Nornes  et  al.  (198?)  reported 
poor  viability  of  fetal  brainstem  tissue.  A  signifi¬ 
cant  difficulty  in  actually  placing  the  graft  into  the 
original  lesion  site  was  indicated  which  could  have 
contributed  to  these  results  It  should  also  be  noted 
that  their  choice  of  implantation  site,  viz,  a  cavity 


in  what  was  the  central  gray  matter  of  the  spinal 
cord,  was  surrounded  by  white  matter  which  pro¬ 
vided  minimal  access  to  blood  vessels  required  for 
vascularization  of  the  grafts.  Thus,  it  is  likely  that 
these  initial  attempts  failed  for  purely  technical 


reasons.  1^00 

In  a  more  recent  study  (Houle  and  Reier, 

successful  intraspinal  transplantation  or 
fetal  spinal  cord  tissue  was  achieved  with  two  to 
seven^clays  between  the  initial  hemisection  lesibn 
and  grafting.  Therefore,  the  advanced  pathology 
of  the  chronically  injured  spinal  cord  does  not 
seem  to  represent  a^unfavorable  milieu  in  terms 
of  the  survival,  ^owth,  and  differentiation  of  fetal 
spinal  cord  tissue  as  many  of  the  features  of  grafts 
in  the  chronic  spinal  lesion  paralleled  those  seen  in 
grafts  placed  into  acute  injuries.  In  addition,  many 
sites  of  confluent  host -graft  neuropil  were  obsen  - 
ed,  and  some  evidence  of  connectivity,  similar  to 
that  described  above,  was  also  obtained.  The  fact 
that  sites  of  direct  graft  and  host  fusion  could  be 
routinely  identified,  despite  the  presence  of  an  ex¬ 
isting  dense  glial  scar  at  the  time  of  transplanta¬ 
tion,  raises  the  possibility  that  fetal  CNS  tissue  has 
a  capacity  for  stimulating  a  partial  regression  of  an 
established  glial  scar.  A  more  practical  benefit  of 
these  findings  is  that  they  provide  an  insight 
related  to  the  injured  spinal  cord  under  conditions 
tha:  simulate  the  most  likely  clinical  circumstances 
unde:  which  potieniial  intraspinal  transplantation 
can  be  envisioned. 


Tivr.iplu>::u!ior,  into  the  i.oi:;nscC  s/ivtu.’  ivd 


The  iradniona!  approach  to  spinal  cord  regenera¬ 
tion  research  over  the  years  has  relied  upon  the  use 
of  a  complete  transection  model.  .Although  er¬ 
roneous  interpretation  of  data  has  arisen  as  a  result 
of  poorly  documented  and  incomplete  lesions,  this 
approach  nonetheless  has  offered  the  benefit  of 
p'o- icing  a  reproducib'i  in;cry  with  predtctarlc 
behavioral  deficits.  However,  one  of  the  disadvan¬ 
tages  of  this  lesion  is  that  it  fails  to  reproduce  the 
type  of  injury  commonly  encountered  in  the  clini¬ 
cal  setting.  Except  in  cases  of  penetrating  missile  or 
stab  wounds,  most  instances  of  human  spinal  cord 
damage  involve  panial  destruction  of  cord  tissue 
and  incomplete  disruption  of  anatomical  continui¬ 
ty  as  a  result  of  blunt  trauma  and  frequently 


associated  fractures  or  dislocation  of  the  seriebral 
column. 

In  1911,  Allen  described  an  experimental  model 
of  contusion  injury  ha'ine  a  pathology  closely 
rcscmblmc  that  seer,  after  blunt  trauma  to  the 
human  spinal  cord.  Although  e.vtensively  used  over 
the  years,  this  lesion  approach  has  been  criticized 
for  its  lack  of  predictability  and  reproducibility. 
The  value  of  the  Allen  model,  however,  has  never 
been  totally  discredited,  and  in  the  last  few  years 
modifications  have  been  made  to  this  approach 
which  arc  now  yielding  more  reliable  results  in 
terms  of  reproducible  lesions  and  predicatable 
shon-  and  long-term  behavioral  outcomes  (e.g. 
Wrathall  ei  a!.,  1985;  Gale  ct  al.,  1985;  Bresnahan 
ct  a!.,  1987;  Somerson  and  Stokes,  1987).  These  re¬ 
cent  developments  provide  an  excellent  opportuni¬ 
ty  for  testing  different  transplantation  strategies 
for  stimulating  the  recovery  of  function  during 
both  acute  and  chronic  phases. 

Although  the  success  of  transplantation  has  fre¬ 
quently  led  to  the  assumption  that  graft  survival 
can  be  obtained  under  virtually  any  condition, 
each  lesion  presents  its  own  set  of  unique  cir¬ 
cumstances.  Thus,  our  first  approach  to  transplan¬ 
tation  in  the  contused  spinal  cord  was  to  determine 
to  what  extent  homotopic  graft  survival  could  be 
achieved  after  transplantation  into  severely  contus¬ 
ed  spinal  cords  at  two  to  fourteen  months  post- 
iniu'v  (\\'in:a'sl.i  ei  al..  I98"i.  It  was  found  that 
over  90'^t  of  the  grafts  survived  and  filled  cavities 
measuring  up  to  7  mm  in  length  (Fig.  4).  In  most 
ca<-ev,  the  grafts  were  clo.selv  approximated  with 
tire  to-tra!  a::d  caudal  end-  o:  tnt  host  spina:  cord. 


While  a  dense  matrix  of  gliosis  often  intervened, 
some  areas  of  apposition  were  observed  at  which 
minimal  scar  formation  was  indicated.  In  plastic 
thick  sections  numerous  neuritic  processes  travers¬ 
ed  the  interface,  and  immunocytochcmiMry  show¬ 
ed  that  some  5-HT-likc  immunorcactive  fibers  had 
entered  the  transplant  and  extended  for  a  distance 
of  2  mm. 

Conclusion 

Together,  these  findings  have  indicated  that  it  is 
feasible  to  transplant  embryonic  CNS  tissue,  as  ex¬ 
emplified  by  homotopic  grafts,  into  various  lesions 
of  the  adult  spinal  cord,  including  those  which  may 
ultimately  shed  light  on  the  potential  clinical  ap¬ 
plication  of  intraspinal  transplantation.  These 
studies  have  also  established  a  useful  neuro- 
anatomical  framework  for  physiological  and  be¬ 
havioral  tests  of  the  functional  impact  of  these 
grafts  in  acute  and  chtonii.  hemisccted  and  contus¬ 
ed  spinal  cords. 

It  should  be  stressed,  however,  that  while 
evidence  exists  for  some  axonal  connect wiiy  be¬ 
tween  host  and  graft,  it  is  still  uncertain  that  an  op¬ 
timal  setting  has  been  established  under  any' of 
these  lesion  conditions,  as  indicated  in  pan  by  the 
variable  glial  responses  seen  in  individual 
transplant  recipients.  In  addition,  very -little  is 
known  either  ab.'-u;  the  neuronal  growth  prope-ttes 
or  functional  organization  of  the  chronically  in¬ 
jured.  as  well  as  contused,  spina!  cord.  Therefore, 
any  accurate  realization  of  the  potential  of  fetal 
C.\S  grafts  ic  re>!orc  function  in  the  injured  s.'^inal 
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cord  m:i>  siill  be  far  removed.  Ncvcrihclcss,  in- 
iraspinal  iransplamation  has  begun  to  siimulaie 
new  avenues  of  investigation  which  will  un- 
doubiedlv  facilitate  a  more  in-depth  understanding 
of  the  complex  biolcvcs  of  the  injured  spinal  cord. 
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Fig.  1.  A  diagram  illustrating  various  ways  in  which  an  intraspinal  graft 
(shaded  area),  introduced  at  the  site  injury,  may  establish  a  novel  spino¬ 
spinal  relay  for  conduction  of  motor  and  sensory  information  past  the 
lesion.  For  orientation,  the  top  of  the  figure  represents  cortical  and 
brainstem  regions.  The  various  configurations  of  neural  circuitries  and  the 
relative  length  of  axonal  projections  Into  and  out  of  the  graft  are  based 
upon  evidence  obtained  in  the  neuroanatomical  studies  described  in  the  text. 
Note  that  the  possibility  of  dendritic  sprouting  by  host  (hatched  circle)  and 
donor  (solid  drde)  is  also  indicated.  MN  =  motoneuron;  DRG  =  dorsal  root 
ganglia. 
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Transplants  of  embryonic  central  nervous  system  (CNS)  tissue  send 
processes  into  host  brain  or  spinal  cord  and  provide  a  permissive 
environment  for  the  ingrowth  of  host  fibres.  The  motivation  for  this  line 
of  research  is  the  hope  that  tfie  connections  established  between  neurons 
in  the  transplant  and  host  will  improve  host  function.  New  approaches 
include  genetic  modification  of  transplants  to  increase  their  survival  and 
to  increase  the  biologically  active  molecules  available  to  the  host. 
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Transplants  of  embryonic  central  nervous  system  (CNS) 
tissue  have  been  u^  for  many  years  in  experiments 
aiming  to  clarify  the  mechanisms  that  uixk^e  axon 
outgrowth  atKi  regeneration.  Many  clinicians  first  be 
came  aware  of  the  therapeutic  applications  of  trans¬ 
plants  after  the  publication  of  reports  that  autografts 
of  adrenal  medulla  placed  in  the  caudate  nucleus  pro¬ 
duced  improvement  in  the  motor  deficits  of  patients  with 
Parkinson's  disease.  Since  then  more  than  250  adrenal 
medullary  autografts  and  a  number  of  grafts  of  fetal  mes 
encephi  'on  into  host  striatum  have  been  perfoitned  1 1 ) . 
Several  reports  describing  the  results  of  these  procedures 
have  been  presented  in  the  past  year  (2*3*] ■  One  review 
has  criticiz^  both  the  experiments  that  led  to  the  use 
of  transplants  as  therapy  for  Parkinson's  disease  and  the 
notion  that  transplants  were  responsible  for  the  modest 
improvement  observed  in  some  patients  14»] .  The  author 
of  a  more  measured  review,  who  included  an  optimistic 
assessment  of  the  future  of  transplant  therapy,  concluded 
that  transplants  had  harmed  more  patients  than  they  had 
helped  (5»].  The  expectation  that  transplants  would  be¬ 
come  pan  of  the  routine  therapy  for  Parkinson’s  disease 
tiierefore  remains  to  be  fulfilled. 

Transplants  nevertheless  have  been  reported  to  pro¬ 
duce  improvement  in  experimental  models  not  only  of 
Parkinson's  disease,  but  also  of  Huntington’s  disease, 
Alzheimer's  disease,  spinal  cord  infuiy,  arxl  chronic  pain. 
They  remain  of  considbrable  interest  both  for  their  po¬ 
tential  use  in  the  clinic  and  for  the  insist  that  they 
can  provide  into  the  mechanisms  underlying  regenera¬ 
tion  and  recovery  of  function.  In  the  present  selective  re¬ 
view  we  discuss  eviderKe  published  in  the  past  year  that 
transplants  contribute  to  recovery,  consider  the  mecha¬ 
nisms  by  w4iich  transplants  act,  and  present  some  new 
approaches  to  the  experimental  and  cUnical  use  of  trans¬ 
plants. 


The  behavioral  eflPects  produced  by  transplants  in  labo¬ 
ratory  models  of  human  diseases  may  be  mediated  by 
a  number  of  different  mechanisms,  including  the  release 
of  neurotransmitier  in  the  vidnity  of  the  normal  target  or 
into  a  ventricle,  the  prevention  of  neuron  death,  the  stim¬ 
ulation  of  cc^teral  sprouting  by  host  axons,  as  well  as 
the  re  establishment  of  interrupted  connections  between 
neurons  [6»J.  Tlie  ability  of  transplants  to  restore  bdiav- 
jors  that  depend  on  the  proper  functioning  of  pathways 
that  communicate  by  point-to-point  connections  will  de¬ 
pend  at  least  in  part  on  the  extent  to  which  neurons  in 
the  transplant  re-establish  normal  connections. 

The  extent  to  which  the  axons  of  donor  neurons  projea 
into  host  tissue  may  depend  on  marty  fiictors,  includ¬ 
ing  the  type  of  transpl^ted  neuron,  the  location  of 
dte  transplant,  and  the  type  of  injury.  Embtyortic  spinal 
cord  neurons  transplanted  into  aspiration  cavities  in  the 
spinal  cord  of  adult  rats  establish  an  extensive  network 
of  connections  within  the  transplant  [?•].  Few  donor 
neurons  send  projections  into  host  spinal  cord,  how¬ 
ever,  and  most  of  these  terminate  near  the  interface  be¬ 
tween  the  transplant  and  the  host,  although  some  extend 
up  to  5  mm  into  host  spinal  cord.  In  intaa  hosts  and 
in  rats  whose  intrinsic  noradrenergic  neuron  terminals 
in  the  hippocampus  have  been  destroyed  by  6-hydroxy- 
dopamine  (6^0HDA)  injection,  embryonic  noradrenergic 
neurons  of  the  locus  coetuieus  send  large  numbers  of  ax¬ 
ons  into  the  hippocampHis  of  adult  host  rats,  wiiere  they 
establish  synaptic  contacts  with  host  neurons  [8*].  Cell 
suspensions  of  embryonic  rat  striatal  tissue  also  show  ro¬ 
bust  ingrowth  into  the  host  globus  pallidus  when  the 
transplants  are  placed  into  a  lesion  created  by  the  in¬ 
jection  of  an  excitotoxin  (^j.  The  axons  of  the  grafted 
neurons  extend  along  the  normal  pathway  of  striatal  ax¬ 
ons  in  the  internal  capsule  and  form  synapses  witii  target 
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neurons  that  resemble  those  formed  nonnaity  by  striatal 
neurons  in  the  globus  pallidus.  These  results  suggest  that 
the  cues  that  direct  axonal  outgrowth  and  the  signals  that 
lead  to  the  formation  of  synapses  persist  or  are  reacti¬ 
vated  in  the  denervated  adult  host  and  that  these  signals 
can  be  recognized  by  the  axons  of  the  transplanted  neu¬ 
rons.  Results  obtained  when  embryonic  mouse  retinas 
are  grafted  into  the  midbrain  of  newborn  tats  indicate 
that  diese  cues  are  multiple  and  are  likely  to  originate 
in  both  the  immediate  environment  of  the  transplanted 
neurons  and  from  the  target  [  10*].  The  ou^rowth  of  the 
optic  axons  is  not  random  and  is  directed  towards  their 
normal  target  in  the  superior  colliculus,  but  the  path¬ 
way  followed  by  the  axons  depends  on  their  initial  lo¬ 
cation.  Axons  from  retinas  placed  close  to  the  surface  of 
the  midbrain  grow  along  the  glia  limitans,  whereas  ax¬ 
ons  from  those  placed  within  the  midbiain  parenchyma 
grow  through  the  neuropil  to  reach  the  overlying  supe¬ 
rior  colliculus.  Additional  insight  into  the  mechanisms  by 
which  the  axons  of  donor  neurons  are  guided  to  their  tar 
gets  within  the  host  is  provided  by  the  observation  that 
axons  of  embryonic  hypothalamic  neurons  transplanted 
into  the  third  ventricle  of  hypogonadai  mice  grow  into 
the  median  eminence  and  restore  gonadal  function  even 
though  neurons  along  their  path  have  been  destroyed 
[ll*].  These  results  suggest  that  directional  cues  in  this 
system  are  likely  to  originate  in  the  host  ependyma,  glia, 
or  target  neurons. 

A  particularly  striking  example  of  the  persistence  of  di 
rectional  cues  and  the  specific  reformation  of  a  damaged 
pathway  is  provided  by  experiments  in  which  human  fe¬ 
tal  forebrain  neurons  are  transplanted  into  the  excito- 
toxically  injured  basal  ganglia  of  adult  tats  [12**].  The 
transplwted  axons  of  these  embryonic  neurons  elongate' 
for  distances  of  at  least  20  mm  along  myebnated  fiber 
tracts  and  into  their  normal  target  areas  in  substantia  ni¬ 
gra,  pontine  nuclei,  and  cervical  spinal  cord.  The  lengthy 
outgrowth  may  be  attributable  to  the  prolonged  devel¬ 
opmental  timeuble  of  human  neurons  that  allows  the 
growth  promoting  features  of  the  neurons  to  continue  to 
over  ride  the  inhibition  of  the  adult  rat  CNS  for  longer  pe 
riods  or  to  the  greater  length  that  human  axons  normally 
achieve.  The  axons  appear  to  recognize  specific  cues  that 
persist  for  at  least  1  year  after  the  injury  but  are  not  de¬ 
tected  by  transplant^  human  hindbrain  neurons  wfiich 
show  ^«ry  little  process  outgrowth  [  12**]. 

The  ability  of  embryonic  transplants  to  support  or  en 
hance  the  growth  of  injured  adult  axons  is  natively  mod 
est  but  ingrowth  does  reflect  the  intrinsic  capacity  of 
the  injured  neurons  to  regenerate.  Monoaminergic  ax¬ 
ons,  for  example,  grow  more  robustly  into  transplants  of 
fetal  thalamic  cells  than  do  somatosensory  aflerent  axons, 
suggesting  that  neurons  whose  axons  terminate  diffusely 
have  less  stringent  growth  requirements  or  a  more  vigor 
ous  capacity  for  growth  than  neurons  whose  axons  termi 
nate  in  precise  portions  of  specific  nuclei  |13*}.  Central 
monoaminergic  axons  also  grow  more  extensively  than 
corticospinal  or  rubrospinal  axoas  into  intraspinal  em 
bryonic  spinal  cord  transplants  [14*].  Intraspinal  axons 
project  to  only  a  limited  extent  into  transpl^ts  of  fetal 


spinal  cord  and  the  perikarya  of  those  few  axons  that  re 
generate  are  for  the  most  part  within  0.5  mm  of  the  graft 
[7*]. 

The  axotts  of  dorsal  toot  ganglion  (DRG)  tteurons  termi¬ 
nate  in  very  precisely  specified  regions  of  the  spinal  cord 
or  brainstem,  but  tf^  are  nevertheless  capable  of  elon¬ 
gating  into  intraspinal  transplants  of  embryonic  spiital 
cord,  whether  the  grafts  are  placed  in  an  excit^foxic  le¬ 
sion  [14*1  or  aspiration  cavity  [7*].  Subsets  of  DRG  neu 
tons  have  been  cflstinguished  on  the  basis  of  several  cri 
teria,  including  their  li^t  microscopic  appearance  and 
their  immunoteactivity  for  various  neuropeptides  [  1 5,16] 
It  has  not  yet  been  determined  whether  all  subsets  of 
DRG  neurons,  as  determined  by  size  or  peptide  content, 
are  capable  of  regenerating  into  transplants  or  whether 
this  capacity  differs  among  the  populations  of  neurons 
that  constitute  the  DRG.  The  axons  of  some  DRG  neu 
tons  retain  the  ability  to  regenerate  for  at  least  4  weeks 
after  injury  [17*].  Small  neurons  are  present  in  greater 
numbers  than  would  be  predicted  from  the  proportion 
that  they  represent  among  the  entire  population  of  DRG 
neurons  normally  [17*-].  This  result  suggests  that  small 
DRG  neurons  haw  a  greater  capacity  for  regeneration  af 
ter  chronic  injury  than  large  DRG  neurons.  The  subset 
of  DRG  neurons  that  are  immL:noreactive  for  calcitonin 
gene-related  peptide  (CGRP)  are  capable  of  regenerating 
axons  into  intraspinal  embryonic  transplants  not  only  of 
spinal  cord  but  also  of  regions  of  embryonic  brain  placed 
into  spinal  cord.  In  transplants  of  spinal  cord,  however, 
both  the  area  occupied  by  these  regenerated  axons  and 
the  number  of  synapses  formed  is  greater  than  in  trans 
plants  of  brain  [18*].  This  result  suggests  that  transplants 
support  or  enhance  the  regeneration  of  cut  DRG  axons 
by  providing  conditions  that  are  probably  multiple  and 
relatively  non-specific.  The  normal  target  of  these  axons 
provides  additional,  more  specific  cues  that  determine 
the  final  distribution  of  the  regenerated  axons  and  wm 
ables  them  to  establish  synapses.  These  synap.ses  retain 
several,  but  not  all,  of  the  features  of  the  synapses  formed 
by  CGRP-containing  primary  afferent  axons  in  the  dorsal 
horn  of  normal  spinal  cord,  suggesting  that  regenerating 
axons  retain  the  ability  to  recognize  at  least  some  of  the 
cues  that  direa  growth  and  synapse  formation  during  de 
velopment  (19*J.  The  specificity  with  which  regenerating 
axons  can  grow  into  a  trartsplant  is  striking'  illustrated 
by  the  observation  that  the  axons  of  adult  host  dentate 
granule  cells  innervate  transplanted  CA3  pyramidal  cells 
in  embryonic  hippocampal  transplants  rather  than  CAl 
cells  and  that  the  innervation  terminates  on  the  normal 
regions  of  the  dendritic  tree  [20*]. 

The  growth  of  newborn  host  axons  into  embryonic  CNS 
transplants  exceeds  that  of  adult  host  axons,  and  the  ax 
ons  of  newborn  supraspinal  neurons  can  traverse  embry 
onic  spinal  cord  transplants  placed  in  thoracic  segments 
and  terminate  in  regions  of  host  spinal  cord  many  seg 
ments  caudal  to  the  transplants  [21  j.  The  more  extensive 
growth  of  newborn  host  axons  may  be  caused  in  part  by 
the  continued  elongation  of  developing  axons  that  have 
not  reached  thoracic  levels  at  the  time  of  traasplantation 
and  therefore  have  not  been  axotomized.  It  is,  however. 
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dear  that  in  newborns  with  fetal  spinal  cord  transplants, 
injured,  regenerating  axons  as  well  as  late  developing,  un 
injured  axons  are  among  those  that  reach  lumbar  seg 
menis,  showing  that  the  capadty  for  regeneration  in  new 
bom  axons  exceeds  that  of  young  adult  axons  {22*  j. 


Restoration  of  function 


Potential  mechanisms  by  which  transplants  can  restore 
function  include  stimulating  collateral  sprouting  of  host 
neurons  or  inducing  host  neurons  to  increase  their  syn 
thesis  of  neurotransmitters.  It  is  difiicult  to  distinguish 
between  these  two  mechanisms.  An  example  of  recov¬ 
ery  methated  by  host  axon  sprouting  has  reponed 
in  monkeys  who  received  transplants  of  fetal  mesen 
cephaloii  into  the  caudate  nucleus  following  a  unilat¬ 
eral  injection  of  the  dopaminergic  neurotoxin  1  methyl 
4phenyl-l,23,6^ietrahydrDpyridine  (MPTP),  which  de 
stroys  the  neurons  of  the  ipsilateral  substantia  nigra 
[23*  j.  Recovery  as  assessed  by  volitional  arm  use  and  loss 
of  asymmetrical  turning  to  apomorphine  injection  was  re 
lated  to  increased  staining  of  host  tyrosine  hydroxylase 
(TH)  positive  (presumably  dopaminergic)  fibers  rather 
than  the  ingrowth  of  transplant  axons  into  the  denervated 
host  caudate  nucleus.  The  brains  of  several  patients  who 
had  received  adrenal  medulla  autografts  to  the  caudate 
nucleus  for  Parkinson’s  disease  6  weeks  to  30  months 
previously  also  revealed  increased  staining  of  host  TH 
containing  fibers  proximal  to  the  graft  site  although  few, 
if  any,  adrenal  cells  survived  transplantation  (24«,25«1. 
One  of  these  patients  was  thought  to  have  benefited  at 
least  temporarily  from  the  procedure,  and  it  is  possible 
that  sprouting  of  host  axons  stimulated  by  the  transplant 
or  the  transplantation  procedure  accounted  for  the  re¬ 
covery. 

Several  systems  have  been  studied  in  which  transplant- 
mediated  recovery  is  related  to  the  capadty  of  the  uans 
plants  to  restore  damaged  neuronal  dreuitry.  A  particu 
lady  striking  example  is  provided  by  the  correlation  be¬ 
tween  the  degree  to  which  a  transplanted  retina  inner¬ 
vates  its  normal  target  in  the  host  olivary  pretectal  nu¬ 
cleus  and  mediates  the  recovery  of  a  pupillary  light  re¬ 
flex  [26*»].  In  another  example,  newborn  tats  that  re 
ceived  transplants  of  embryonic  spinal  cord  into  a  sub¬ 
total  lesion  of  the  thoradc  spinal  cord  performed  bet 
ter  when  examined  with  several  tests  of  locomotor  func¬ 
tion  than  littermates  with  a  thoradc  cord  lesion  but  no 
transplant  {27*»).  These  behavioral  results  together  with 
anatomical  studies  showing  that  transplants  can  serve  as 
a  conduit  for  the  growth  of  supraspiiial  axons  into  cau 
dal  segments  of  spinal  cord  (21)  suggest  that  the  axons 
elongating  into  the  transplant  are  contributing  to  the  im¬ 
proved  behavioral  performance.  Indirect  evidence  con¬ 
sistent  with  dependence  of  recovery  on  at  least  partial 
restoration  of  damaged  dreuitry  has  been  shown  by  stud¬ 
ies  of  rats  with  unilateral  6-OHDA  lesions  of  the  nigros 
triatai  pathway  (28*) .  Animals  that  received  transplants  of 
fetal  mesencephalon  into  the  denerved  striatum  recov¬ 
ered  from  arcveral  behavioral  defidts  whereas  rats  diat  re¬ 


ceived  only  sysemic  admirustration  of  levodopa  and  car- 
bklopachd  not,  st^gesth^  dtat  repleni^ung  tiW  depleted 
neuroiransmitter  akxte  did  not  sufiice  to  produce  recov 
ery.  Fetal  mesencephalic  grafts,  however,  do  ixx  reverse 
ail  of  the  behavk^rail  defidts  produced  by  unilaretal  or  bi 
lateral  denervation  of  the  striatum  (29).  Incomplete  re¬ 
covery  in  these  rats  is  cemsistent  with  the  results  of  eke 
trophysiologicai  audks  indicating  that  tran^>lants  only 
incompletely  restore  damaged  neural  dreuits.  Although 
grafted  neurons  receive  input  from  neurons  in  the  host 
rveocoftex  or  striatum  and  may  be  regulated  by  this  input, 
the  rteuions  in  these  grafts  and/or  the  host  afferent  pro¬ 
jections  to  these  neurons  remain  immature  for  montns 
after  tran^bntation  [30»].  If  tested  in  the  early  months 
after  transplantation,  behaviors  that  require  mature  ftitK 
honing  of  mesencephalic  rteurons  and  their  connectiorts 
would  therefore  not  recover.  Incomplete  restoration 
normaJ  circuitry  has  also  been  demonstarted  in  an  ex 
peiimentai  system  that  has  been  considered  to  be  a 
model  for  Huntirtgton’s  disease.  Intracellular  recording 
from  neostriatal  spiny  neurons  grafted  into  an  exdtotoxic 
lesion  in  the  striatum  of  adult  rats  Stowed  fimetionai  af 
ferent  connections  &om  host  neocortex  and  thalamus  as 
is  characteristic  of  tx)rnial  striatal  neurons,  but  afferent 
input  to  the  grafts  and  the  amount  of  input  converging 
from  different  sources  were  reduced  (31*1 


New  approaches 


Several  strategies  have  been  employed  to  improve  the 
survival  of  grafted  and  injured  neurons  and  to  increase 
outgrowth  from  the  transplants  and  axotomized  host 
cells.  One  approach  toward  improving  cell  survival  and 
fiber  growth  ^m  the  transplant  has  been  to  co-graft  em¬ 
bryonic  tissue  along  with  its  normal  target  When  embry¬ 
onic  meseiKephalon  and  striatum  are  transplanted  into 
the  striatum  of  rats  with  unilateral  6-OHDA  lesions  of 
a  nigrostriatal  pathway,  TH-containing  neurons  appear 
to  be  larger  and  fiber  outgrowth  into  the  host  striatum 
more  extensive  than  from  single  mesencephalic  grafts, 
and  the  co-grafts  produce  more  improvement  on  an  am- 
phetamme  rotation  test  (32*1.  A  similar  approach  has 
been  to  combine  a  transplant  with  an  infusion  of  a  neuro 
trophic  factor.  One  patient  with  Parkinson's  disease  wfto 
received  an  intiaputamiruJ  autograft  of  adrenal  medulla 
and  an  infusion  of  nerve  growth  faaor  (NGF)  into  the 
graft  site  showed  modest  improvement  in  selected  meas¬ 
ures  of  locomotor  peiformatKe  and  suffered  no  compli 
cations  from  the  administration  of  mouse  NGF  [33*] 

Combined  therapies  have  dso  been  used  to  increase  the 
survival  axxl  neurite  outgrowth  of  injured  host  neurons. 
The  combination  of  a  fetal  hippocampus  transplant  and 
NGF  infusion  after  uniiateral  fimbria  fomix  section  pro 
duced  a  gre^r  increase  in  the  number  of  septal  nu¬ 
cleus  neurons  that  oemtained  choline  acetyltransferase 
immunoieactivity  than  either  a  transplant  or  NGF  infu¬ 
sion  alone  {34*1.  The  combined  treatment  also  stimu¬ 
lated  more  extensiws  r^eneration  of  septal  axons  into 
the  hippocampus  than  either  treatment  alone,  encounag 


ing  the  notion  that  more  injured  cells  can  be  salvaged 
and  circuits  nrore  successfully  reconstiucted  by  a  combi¬ 
nation  of  therapies. 

Another  apprc«ch  toward  eiKouraging  survival  and  re¬ 
generation  from  host  neurons  has  been  through  the 
development  of  new  methods  for  delivering  identified 
neurotrophic  factors  and  neurotransmitters.  To  protect 
against  rejection  when  transplants  are  performed  across 
species,  dopamine-secreting  PC  12  cells  were  encapsu¬ 
lated  in  an  acrylic  copolymer  that  allowed  TH- 
containing  cells  to  survive  in  vivo  for  at  least  12  weeks 
and  to  release  dopamine  in  vitro  for  at  least  6  months 
[35"].  Tumor  cell  lines  genetically  modified  to  produce 
NGF  or  dopamine  have  also  servwi  as  grafts,  but  their 
usefulness  as  transplants  requires  that  the  peptides  con¬ 
tinue  to  be  synthesized  after  transplantation  and  that  the 
cell  lines  lose  their  tumorigenicity.  PC12  cells  modified 
to  produce  NGF  did  not  form  tumors  following  trans¬ 
plantation  into  mouse  brain,  but  they  lost  their  neuronal 
morphology,  survived  poorly,  and  did  not  synthesize  TH 
[36*  1 .  A  temperature-sensitive  line  of  tteuroblastoma  cells 
that  at  tKjn-permissive  temperatures  resembles  neurons 
and  synthesizes  NGF  was  more  ptomisiitg  because  the 
cells  survive  transplantation  into  the  mature  rat  brain  and 
rescue  die  ability  of  the  axotomized  septal  neurons  to 
produce  acethylcholine,  which  is  lost  after  axotomy  with 
no  transplant  [37*  j.  Fibroblastic  3T3  cells  and  endocrine 
RIN  cell  lines  modified  by  the  introduction  of  TH  also  sur¬ 
vive  transplantation  into  denervated  striatum  of  rats  with 
unilateral  6-OHDA  lesions,  where  they  continue  to  syn¬ 
thesize  TH  [38*  j .  The  3T3  cells  secreted  more  dihydroxy- 
phenyialanine  (DOPA)  than  the  RIN  cdls  and  more  effi¬ 
ciently  reversed  apomorphine  induced  turning  behavior, 
but  the  use  of  either  cell  line  as  a  therapy  for  huma.i 
diseases  is  limited  by  the  tumorigenicity  of  the  cell  lines. 
In  a  mote  promising  approach  design^  to  avoid  both 
graft  rejection  and  tumor  formation,  skin  fibroblast  cul¬ 
tures  from  inbred  hosts  were  transfected  with  TH  compli¬ 
mentary  DNA  and  transplanted  into  the  denervated  stria¬ 
tum  of  tats  with  unilateral  6-OHDA  lesions  [39").  The 
cells  survived  without  forming  tumors,  synthesized  TH 
and  partially  restored  motor  deficits  as  determined  by  the 
apomorphine  induced  rotation  assay. 


Conclusion 

Experiments  using  transplants  of  embryonic  CNS  tis¬ 
sue  continue  to  provide  insights  into  the  mechanisms 
of  axon  growth  and  recovery  from  injury.  Promising 
new  approaches  ate  being  developed  in  disease  models 
which  may  provide  the  experimental  background  for  us¬ 
ing  transplants  as  an  effective  therapy  in  humans. 
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Intraspinal  Transplants 

Alan  Tessler,  MD 


Transplants  of  embryonic  central  nervous  system  tissue  have  long  been  used  to  study  axon  growth  during  development 
and  regeneration,  and  more  recently  to  promote  recovery  in  models  of  human  diseases.  Transplants  of  embryonic 
substantia  nigra  correct  some  of  the  deficits  found  in  experimental  Parkinson's  disease,  for  example,  by  mechanisms 
chat  are  thought  to  include  release  of  neurotransmitter  and  reinnervation  of  host  targets,  as  well  as  by  stimulating 
growth  of  host  axons.  Similar  mechanisms  appear  to  allow  intraspinal  transplants  of  embryonic  brainstem  to  reverse 
locomotor  and  autonomic  deficits  due  to  experimental  spinal  cord  injuries.  Embryonic  spinal  cord  transplants  offer 
an  additional  strategy  for  correcting  the  deficits  of  spinal  cord  injury  because,  by  replacing  damaged  oopuiations  of 
neurons,  they  may  mediate  the  restoration  of  connections  between  host  neurons.  We  have  found  that  spinal  cord 
transplants  permit  regrowth  of  adult  host  axons  resulting  in  reconstitution  of  synaptic  complexes  within  the  transplant 
that  in  many  respects  resemble  normal  synapses.  Transplants  of  fetal  spinal  cord  may  also  contribute  to  behavioral 
recovery  by  rescuing  axotomized  host  neurons  that  otherwise  would  have  died.  Electrophysiological  and  behavioral 
investigations  of  funaional  recovery  after  intraspinal  transplantation  are  preliminary,  and  the  role  of  transplants  in 
the  treatment  of  human  spinal  cord  injury  is  uncertain.  Transpiano  are  contributing  to  our  understanding  of  the 
mechanisms  of  recovery,  however,  and  are  likely  to  play  a  role  in  the  development  of  rational  treatments. 

Tessler  A.  Intraspinal  transplants.  Ann  Neurol  199h29;l  15-123 


Transplants  of  embryonic  central  nervous  system  tissue 
have  served  for  nearly  a  century  in  experiments  de¬ 
signed  to  clarify  the  mechanisms  that  contribute  to 
axon  outgrowth  and  regeneration  (reviewed  in  [1]). 
Throughout  the  past  20  years,  transplants  have  been 
used  in  attempts  to  produce  physiological  or  behavioral 
improvement  in  laboratory  models  of  human  diseases 
and  to  study  the  mechanisms  that  explain  recovery  of 
function  (reviewed  in  [2-4]).  Transplants  remained 
primarily  of  theoretical  interest  for  clinicians,  however, 
until  reports  that  autografts  of  adrenal  medulla  into  the 
caudate  nucleus  produced  modest  [5]  or  dramatic  [6] 
improvement  in  the  motor  behavior  of  patients  with 
Parkinson's  disease.  More  than  250  patients  with  Par¬ 
kinson's  disease  have  received  adrenal  medulla  auto- 
•aratts  [-].  and  additional  patients  have  received  trans¬ 
plants  of  human  fetal  substantia  nigra  [8-lOj.  The 
benehts  ot  these  procedures  continue  to  be  debated 
{ 1 1  - 1 '  j,  and  the  mechanisms  by  which  transplants 
elicit  their  effects  continue  to  be  investigated. 

Transplants  have  also  been  reported  to  produce  im¬ 
provement  in  experimental  models  of  Huntington’s 
disease  [2],  Alzheimer's  disease  [18],  and  spinal  cord 
injury  [19-25].  Intraspinal  transplantation  would  seem 
to  be  far  from  clinical  application  because  electrophys- 
ioiogicai  and  behavioral  investigations  of  functional 
recovery  are  still  preliminary.  Regions  of  embryonic 


brain  [26-35]  as  well  as  whole  pieces  or  suspensions 
prepared  from  embryonic  spinal  cord  survive  trans¬ 
plantation  into  the  spinal  cord  of  adult  and  newborn 
host  rats  [36—38].  Intraspinal  transplantations  have 
also  been  successful  m  cat  [21.  39,  40]  and  monkev 
The  e.xtent  to  which  connections  form  between  trans¬ 
plant  and  host  is  beginning  to  be  studied  w  ith  morpho¬ 
logical  techniques. 

In  the  present  review,  the  strategies  that  have  been 
proposed  for  using  intraspinal  transplants  to  reverse 
the  deficits  due  to  oinal  cord  damage  will  be  consid¬ 
ered.  and  the  pro.c.  ss  that  has  been  made  will  be  out¬ 
lined.  Because  the  effects  of  transplants  have  been 
most  thoroughly  studied  in  the  basal  ganglia  in  relation 
to  Parkinson’s  disease.  I  first  consider  the  mechanisms 
by  which  transplants  may  reverse  the  bvh.ivioral  c.en- 
cits  in  experimental  models  of  this  disorder 

Transplants  for  Experimental 
Parkinson’s  Disease 

Transplantation  strategies  for  the  treatment  of  Parkin¬ 
son’s  disease  were  built  on  a  foundation  of  reproduc¬ 
ible  and  quantifiable  experimental  models  (reviewed  in 
[41]).  The  first  of  these  was  a  rodent  model  in  which 
the  substantia  nigra  corpus  striatum  projection  was  de¬ 
stroyed  by  the  unilateral  or  bilateral  stereotactic  injec¬ 
tion  of  the  dopaminergic  neurotoxin  6-hydroxydopa- 
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mine  (6-OHDA).  When  fetal  substanda  nigra  was 
placed  into  the  lateral  ventricle  adjacent  to  the  corpus 
striatum  that  had  been  denervated  by  60HDA.  trans¬ 
planted  neurons  survived  and  formed  a  dense  dopa¬ 
minergic  innetvarion  within  the  grafts,  but  few  pro¬ 
cesses  extended  into  the  host  corpus  striatum  [42]. 
In  spue  of  the  limited  reinnervation,  the  transplants 
improved  some  aspects  of  motor  behavior.  This  result 
suggested  that  reinnervation  was  not  necessary  for  re¬ 
covery  and  that  release  of  dopamine  into  the  cerebro¬ 
spinal  fluid  and  in  the  vicinity  of  the  target  neurons 
sufficed.  If  fetal  substantia  nigra  is  transplanted  into  the 
parenchyma  of  the  corpus  striatum  denervated  by  6- 
OHDA  injection  rather  than  into  the  ventricle,  then 
the  transplants  partially  restore  the  damaged  neural  cir¬ 
cuits  and  additional  behaviors  recover  [43—47].  At 
least  some  of  the  recovery  is  related  to  reinnervation 
of  the  host  striatum  (reviewed  in  [41,  48]).  Other 
behavioral  deficits  induced  by  unilateral  dopamine 
deafferentation,  however,  remain  uncorreaed  by  the 
transplants.  Incomplete  behavioral  recovery  has  been 
attributed  to  incomplete  restoration  of  the  damaged 
regulatory  circuitry  [47], 

Another  mechanism  by  which  transplants  may  com¬ 
pensate  for  behavioral  deficits  has  been  demonstrated 
in  the  l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine 
(MPTP)  model  of  experimental  Parkinson’s  disease 
[49,  50}.  When  adrenal  medullary  cells  are  trans¬ 
planted  into  the  striatum  of  mice  intoxicated  with 
MPTP,  the  mice  recover  in  spite  of  a  very  limited  sur¬ 
vival  of  grafted  cells  [51].  The  expression  of  tyrosine 
hydroxylase,  a  marker  for  dopaminergic  neurons,  in¬ 
creases  within  the  caudate  ipsilateral  to  the  site  of 
MPTP  injection,  and  derives  from  axons  of  the  host 
dopaminergic  proiection  rather  than  from  the  few  sur¬ 
viving  transplanted  neurons  [51].  Increased  enzyme 
expression  indicates  regeneration  of  dama^d  host  ax¬ 
ons  or  collateral  sprouting  of  undamaged  host  axons 
and  suggests  that  the  transplant  or  the  damage  associ¬ 
ated  with  the  transplant  procedure  [52]  exero  a  trophic 
effect  on  the  host  neurons  chat  contributes  to  behav¬ 
ioral  recovery  but  is  independent  of  graft  survival. 

In  summary',  this  experience  with  experimental  Par- 
kinson  s  disease  indicates  that  some  types  of  motor 
function  can  be  improved  by  transplants  that  deliver 
neurotransmitters,  trophic  factors,  or  both,  to  the  stri¬ 
atum  even  if  the  transplants  fail  to  reconstitute  the 
damaged  neural  circuits  in  all  their  detail.  Because  res¬ 
titution  of  the  damaged  circuits  is  incomplete,  how¬ 
ever,  the  motor  deficits  are  only  panially  compensated, 
and  behavioral  recovery  is  also  incomplete. 

Intraspinal  Trarisplants 

As  elsewhere  in  the  central  nervous  system,  intraspi- 
naJ  grafts  of  peripheral  nerve  segments  suppon  axon 
growth  [53,  54].  These  experiments  have  contributed 


to  the  current  view  that  many  neurons  once  thought 
incapable  of  growth  can  elongate  if  provided  with  a 
suitable  glial  environment  (reviewed  in  [55]).  Al¬ 
though  central  nervous  system  axons  can  grow  within 
sciatic  nerve  grafts  for  distances  that  exceed  their  nor¬ 
mal  length  [56]  and  establish  synaptic  connections  with 
neurons  in  the  host  parenchyma  [57,  58],  growth  into 
the  central  nervous  system  beyond  the  graft  is  limited 
to  1  to  2  mm  [55].  Two  other  strategies  for  using 
transplants  to  treat  experimental  spinal  cord  injury 
have  therefore  received  considerable  attention. 

Intraspinal  Transplants  of  Supraspinal  Neurons 
One  strategy  is  based  on  the  idea  that  transplantation 
of  brainstem  monoaminergic  neurons  important  for 
regulating  the  activity  of  spinal  neurons  should  mediate 
recovery  even  without  the  reconstitution  of  damaged 
neural  circuits  ([30]  and  reviewed  in  [35]).  Both  loco¬ 
motor  and  autonomic  functions  might  benefiit.  h  i$ 
known,  for  example,  that  the  intravenous  administra¬ 
tion  of  dopamine  or  the  alphaj-adrenergic  agonist  clo- 
nidine  to  cats  with  acute  spinal  cord  transection  can 
elicit  stepping  movements  that  permit  walking  on  a 
treadmill  [59].  Untreated,  such  cats  are  completely 
paraplegic  after  transection.  These  agents  arc  thought 
to  act  directly  on  lumbar  spinal  cord  segments  to  acti¬ 
vate  the  circuitry  for  locomotion  that  is  intrinsic  to  the 
spinal  cord  [60]  but  nonfunctional  in  the  acute  stage 
after  transecuon.  It  is  also  known  that  serotoninergic 
neurons  whose  perikarya  are  in  the  brainstem  raphe 
nuclei  are  important  in  the  supraspinal  control  of  spinal 
reflexes  that  mediate  penile  erection  and  e;acuiation, 
and  that  administration  of  a  serotonin  receptor  agonist 
to  spinalized  rats  can  induce  ejaculation  [61]. 

One  approach  to  the  treatment  of  behavioral  deficits 
after  experimental  spinal  cord  injury  has  been  to  trans¬ 
plant  supraspinal  monoaminergic  neurons  into  the  cau¬ 
dal  portion  of  the  spinal  cord  isolated  by  transection. 
Both  catecholaminergic  neurons  important  for  loco¬ 
motion  and  serotoninergic  neurons  important  for 
autonomic  function  have  been  used  [62].  Embryonic 
noradrenergic  neurons  taken  from  locus  ceruleus 
[31-35]  and  serotoninergic  neurons  taken  from  the 
mesencephalic  or  medullary  raphe  regions  [23,  24.  63, 
64]  extend  processes  up  to  I  to  2  cm  in  length  into 
the  host  spinal  cord.  These  transplants  restore  levels 
of  neurotransmitters  that  have  been  depleted  by  the 
use  of  neurotoxins  [34]  or  by  spinal  cord  transection 
[23,  24].  Axons  of  transplanted  serotoninergic  neurons 
innervate  the  regions  of  spinal  cord  that  receive  5-hy- 
droxytryptamine  (5-HT)  innervation  normally,  includ¬ 
ing  laminae  I  and  II  of  the  dorsal  horn,  the  motoneu¬ 
ron  area  in  lamina  IX  of  the  ventral  horn,  and  the 
intermedioiateral  column  [23,  24}.  The  transplanted 
serotoninergic  axons  establish  axodendritic  synapses 
on  host  motoneurons  and  axodendritic  and  axosomadc 
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synapses  on  neurons  of  the  host  intermediolaceraJ  col¬ 
umn  that  resemble  those  formed  by  serotoninetgic 
neurons  in  normal  spinal  cord  [23,  24).  Additionally, 
reflex  ejaculation  that  is  abolished  in  rats  with  spinal 
cord  transection  recovers  in  rats  that  receive  serotonin- 
ergic  transplants  of  embryonic  raphe  neurons,  but  only 
rarely  in  rats  that  undergo  transection  alone  or  transec¬ 
tion  with  transplantation  of  nonserotoninergic  neurons 
[23,  24],  This  result  suggests  that  behavioral  recovery 
is  related  to  the  recovery  of  serotoninergic  innervation. 

Noradrenergic  axons  originating  in  locus  ceruleus 
transplanted  into  spinal  cord  also  extend  into  the  inter¬ 
mediate  and  ventral  regions  of  the  host  caudal  gray 
matter  [34}  to  which  locus  ceruleus  axons  project  in 
normal  spinal  cord.  These  axons  are  thought  to  con¬ 
tribute  to  the  recovery  of  hindlimb  flexion  reflexes  in 
rats  whose  spinal  cord  catecholamines  have  been  de¬ 
pleted  by  an  intracisternal  injection  of  6-OHDA  [20] 
and  to  the  recovery  of  reflex  stepping  activity  in  tats 
with  spinal  cord  transections  [25].  Whether  trans¬ 
planted  noradrenergic  axons  establish  synapses  with 
host  neurons  has  not  been  studied,  and  therefore,  the 
anatomical  basis  for  the  locomotor  recovery  mediated 
by  the  transplants  is  uncertain.  Like  intraparenchymai 
transplants  of  substantia  nigra  in  mcxlels  of  Parkinson's 
disease,  these  embryonic  transplants  of  brainstem  neu¬ 
rons  appear  to  reinnervate  a  portion  of  their  normal 
targets  and  contribute  to  behavioral  recovery  by  releas¬ 
ing  neurotransmitters  onto  their  normal  targets  or  in 
their  vicinity.  The  release  of  these  neurotransmitters 
would  then  mimic  the  modulatory  activity  of  descend¬ 
ing  noradrenergic  systems  in  normal  spinal  cord  and 
suffice  to  activate  the  intrinsic  spinal  pattern  generators 
for  locomotion  [34.  60].  As  in  the  corpus  striatum 
deal'ferented  by  6-OHDA,  the  transplants  are  success¬ 
ful  although  they  have  been  placed  into  abnormal  loca¬ 
tions  and  can  only  incompletely  restore  the  interrupted 
neural  circuits. 

Transplants  of  Fetal  Spinal  Cord 
The  recovery  of  other  functions  lost  after  spinal  cord 
iniury  such  as  discriminatory  sensation  or  fine  motor 
control  is  likely  to  require  more  faithful  reconstruction 
of  normal  circuitry  than  is  possible  by  using  transplants 
of  supraspinal  neurons.  A  second  strategy  has  therefore 
been  to  use  transplants  of  fetal  spinal  cord  in  an  at¬ 
tempt  to  replace  damaged  populations  of  neurons  and 
encourage  the  restoration  of  connections  between  neu¬ 
rons  [36.  65}.  According  to  this  rationale,  the  trans¬ 
plant  would  act  as  a  bridge  across  damaged  tissue  either 
by  allowing  injured  axons  to  grow  direcdy  into  intact 
spinal  segments  or  by  permitting  the  establishment  of 
relays  within  the  graft  (Fig  1).  Another  mechanism  pro¬ 
vided  by  transplants  might  be  the  rescue  of  axotomized 
neurons  in  the  spinal  cord.  Although  the  spinal  cord 
has  been  considered  a  technically  challenging  sice  in 


Fig  I.  A  diagram  iUuilrating  Iwo  ways  in  which  a  irampLtnl 
ishadtd  arta)  at  a  rtgion  of  spinal  cord  injury  might  pnmott 
functional  rtcovtry.  Host  brain  and  spinal  cord  rostral  to  th* 
transplant  art  to  th*  Uft  and  host  caudal  spinal  cord  is  to  th* 
right.  (Bndgt)  Injured  axons  originating  in  host  neurons  rostral 
to  th*  transplant  gytw  directly  through  th*  transplant  into  caudal 
host  spinal  cord.  (Relay)  Injured  axons  originating  in  host  neu¬ 
rons  rostral  to  th*  transplant  grow  into  the  transplant  and  synapse 
with  donor  neurons  whost  axons  grow  into  caudal  host  spinal 
cord.  (Courtesy  of  Dr  Barbara  Bregman.l 

which  to  obtain  survival  of  embryonic  spinal  cord  trans¬ 
plants,  with  present  methods  80  to  90^^  of  transplants 
survive  grafting  into  the  acutely  injured  adult  or  new¬ 
born  spinal  cord  (28,  36}  or  into  the  chronically  in¬ 
jured  adult  spinal  cord  [3’'}.  Transplant  survival  is  now 
possible  also  in  the  site  of  complete  spinal  cord  transec¬ 
tion  [21,  66,  6'}. 

Several  morphological  features  of  the  transplants  en¬ 
courage  the  expectation  that  they  might  replace  dam¬ 
aged  populations  of  neurons  and  with  them  their  nor¬ 
mal  connections.  First,  although  transplants  lack  the 
characteristic  butterfly  appearance  of  normal  spinal 
cord  gray  matter,  they  do  contain  diftereiiciaced  areas 
that  resemble  substantia  geltatinosa  based  on  several 
morphological  criteria  [68].  Second,  areas  of  apposi¬ 
tion  between  transplant  and  host  develop,  particularly 
between  transplant  and  host  spinal  cord  gray  matter, 
in  which  the  interface  is  free  of  astrocytic  scarring  and 
processes  pass  between  transplant  and  host  [36].  It  has. 
in  fact,  been  suggested  both  that  embryonic  transplants 
reduce  the  astrocytic  scarnng  that  accompanies  acute 
spinal  cord  injury  and  may  impede  regeneration  [69, 
70}  and  that  they  can  reduce  an  already  established 
astrocytic  scar  [37]. 

One  additional  way  in  which  transplants  of  embry¬ 
onic  spinal  cord  may  contribute  to  recovery  of  behav¬ 
ioral  hmcdon  was  first  described  in  newborn  rat  hosts, 
where  transplants  rescue  axotomized  host  rubrospinal 
neurons  that  otherwise  would  have  died  [71].  Perma¬ 
nent  rescue  is  target  specific  because  only  transplants 
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of  fetal  spinal  cord  suppon  survival  at  long  survival 
periods;  both  target  and  nontaiget  transplants  support 
shorr-tenn  survival  [72].  Axotonmed  neurons  of 
Clarke’s  nucleus  can  also  be  rescued  by  embryonic 
transplants  in  newborns,  and  a  rescue  of  similar  magni¬ 
tude  has  now  been  reported  when  the  same  population 
of  neurons  is  axotomized  in  adult  animal*  [73], 

In  adults,  development  of  projections  from  host  into 
transplant  and  from  transplant  into  host  is  modest. 
Host  axons  that  have  grown  into  the  transplants  do  not 
traverse  their  full  extent  and  do  not  reenter  host  spinal 
cord  [56].  Morphological  tracing  methods  have  shown 
t.‘  onor  neurons  project  for  distances  of  5  to  7  mm 
ir.^  nost  spinal  cord  and  that  host  neurons  in  adjacent 
spinal  segments  project  from  3  to  5  mm  into  the  trans¬ 
plants  [36].  Additionally,  serotoninergic  axons  from 
brainstem  raphe  nuclei  [36],  axons  from  corticospinal 
neurons  [74,  75],  and  primary  afferent  axons  originat¬ 
ing  in  host  dorsal  root  ganglion  neurons  [67,  76]  re¬ 
generate  into  transplants  although  they  are  unable  to 
regenerate  into  adult  spinal  cord  in  the  absence  of  a 
transplant  (Fig  2).  The  terminals  of  regenerated  dorsal 
root  axons  establish  synapses  witlun  transplants  of  em¬ 
bryonic  spinal  cord,  and  these  synapses  resemble  those 
formed  by  primary  afferent  axons  in  the  dorsal  horn 
of  normal  animals  [38]  (Fig  3).  Differences  were  also 
observed,  however,  particularly  an  increased  percent¬ 
age  ot  :o-axonic  synapses  suggesting  that  regenerated 
dorsal  (oot  axon  terminals  had  formed  connections 
with  each  ocher.  Nevertheless,  the  establishment  of 
synapses  chat  are  morpholoc  illy  normal  by  an  identi- 
tied  set  of  host  neurons  afferent  to  the  transplants  en¬ 
courages  the  idea  that  neurons  joined  by  synapses 
within  the  transplants  may  enable  trie  transplants  to  act 
as  relays  across  regions  of  damaged  spinal  cord.  Donor 
neurons  within  transplants  have  in  fact  been  shown  to 
send  axons  into  the  host  sciatic  nerve  [76]  as  well  as 
into  peripheral  nerve  grafts  introduced  into  the  trans¬ 
plants  ["".  'S].  Vi'hether  these  axons  reach  and  inner¬ 
vate  host  muscles  is  unknown.  It  is.  however,  at  least 
possible  that  transplants  of  embryonic  spinal  cord  not 


F/ji  2.  Lr^ht  'At  and  ilectnn  'B.Ci  miengraphs  of  embryonic 
iptnal  cord  transplanti.  (At  Sagittal  section  I  month  after  trans¬ 
plantation  itatned  with  an  immunocytochemical  method  for  dem¬ 
onstrating  calcitonin  gene-related  peptide  ICGRP).  CCRP  origi¬ 
nates  in  many  dorsal  root  ganglion  neurons  and  serves  as  a  marker 
for  host  dorsal  roots  >DR>  that  have  regenerated  into  the  trans¬ 
plant  (TP)  and  arborized  there  {29,  38.  86}.  Bar  =  100  ftm. 
(Bt  CCRP -labeled  complex  terminal  in  a  transplant  makes  con¬ 
tacts  (arrowheads)  with  two  dendritic  profiles.  Bar  —  I  fun.  (C) 
Host  dorsal  roots  labeled  with  horseradish  peroxidase  (HRP), 
Complex  terminal  that  has  been  filled  with  HRP  makes  synaptic 
contacts  (arrowheads)  in  a  transplant  with  three  dendritic  pro¬ 
files.  Bar  =  i  fsen. 


only  can  support  or  enhance  the  regenerauon  of  adult 
axons  otherwise  unable  to  grow  but  also  that  they  can 
contribute  to  the  reestablishment  of  a  segmental  motor 
reflex  arc. 

In  newborn  rat  hosts,  spinal  cord  transplants  act  as 
bridges  that  encourage  or  permit  the  growth  of  supra¬ 
spinal  neurons  into  segments  of  spinal  cord  well  below 
the  level  of  injury.  Serotoninergic  axons  originating 
in  neurons  of  the  brainstem  raphe  [79]  and  axons  of 
corticospinal  neurons  [75]  grow-  across  transplants 
placed  in  the  lesioned  thoracic  spinal  cord  of  newborn 
rats  and  terminate  in  their  normal  target  areas  as  far 
caudal  as  the  lower  lumbar  segments  of  host  spinal 
cord.  Because  these  systems  of  neurons  are  among  the 
descending  pathways  that  contribute  to  the  control  of 
loco.motion,  the  possibility  has  been  tested  that  trans¬ 
plants  alter  the  devetopment  or  enhance  the  recovery 
of  motor  function  after  spinal  cord  injury  in  newborn 
rats  with  partial  spinal  cord  lesions  [22].  When  studied 
with  a  battery  of  tests  of  locomotor  function,  newborn 
rats  with  transplants  of  embryonic  spinal  cord  per¬ 
formed  better  than  littermates  with  thoracic  spinal  cord 
iniuries  alone.  For  example,  when  tested  8  to  12  weeks 
pi  'operatively,  rats  with  transplants  crossed  a  mesh 
runway  more  c  ickly  and  made  fewer  errors  in  foot 
placement  than  the  lesion-only  group  of  rats.  They  also 
recovered  more  quickly  from  their  errors.  These  re¬ 
sults  are  consistent  with  the  idea  that  the  axons  that 
grow  into  host  spinal  cord  caudal  to  the  thoracic  spinal 
cord  injury  contribute  to  the  improved  perforir.  .e. 
Because  the  rats  in  this  study  sustained  an  incom.  .-te 
injury  rather  than  complete  spinal  cord  transection, 
however,  other  e>  planations  cannot  be  excluded.  One 
possibility  ii  chat  cne  transplants  altered  the  response 
to  injury  of  the  remaining  spinal  cord  and  slowed 
or  decreased  degeneration,  thus  providing  a  greater 
amount  of  healthy  tissue  through  which  developing  or 
regenerating  axon  might  grow.  Corticospinal  xxons 
are  known  to  gtov.  hrough  undamaged  areas  of  spinal 
cord  adjacent  to  an  incomplete  ■>pinal  cord  iniur^'  in 
newborns  [80-82],  and  transplants  of  cultured  dorsal 
root  ganglia  neurons  and  Schwann  cells  have  been 
shown  to  enhance  this  growth  [83].  Although  cortico¬ 
spinal  axons  grow  more  robustly  through  transplants 
than  through  the  remaining  portions  of  spinal  cord 
[75],  supraspinal  axons  that  have  grown  through  host 
spinal  cord  as  well  as  those  chat  have  grown  through 
the  transplant  may  contribute  to  the  recovery. 

Locomotor  function  is  also  being  studied  in  cats  chat 
have  received  embryonic  spinal  cord  transplants  into 
the  sice  of  spinal  cord  transection  on  the  day  after  birth. 
These  preliminary  studies  on  cats  with  ransections 
complement  those  performed  in  rats  with  hemisections 
because  a  more  detailed  analysis  of  locomotor  function 
is  possible  in  cats.  Addidonally,  the  anatomical  path¬ 
ways  that  explain  performance  on  different  tests  of  mo- 
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Fig  3.  Comparison  of  synaptic  contacts  found  in  embryontc  spinal 
cord  transplants  and  lamina  I  of  normal  spinal  cord.  Calcttonin 
gtnt-rtlattd  peptide  (CGRP)~laheUd  synaptic  terminals  are  de~ 
rived  from  dorsal  roots;  the  origin  of  unlaheled  synapttc  terminals 
is  undetermined.  Compared  with  lamina  1.  both  CGRP-labeled 
and  CGRP -unlabeled  terminals  in  transplants  make  significantly 
greater  numbers  of  axo-axonic  synapses  and  significantly  smaller 
numbers  of  axa-dendristc  synapses.  Axo-dendritic  synapses  predom¬ 
inate  in  transplants,  hou  ever.  as  in  lamina  1.  For  details  of  the 
stereological  analysts  see  (381. 

tor  function  are  better  dehned  in  cats  than  rats.  Previ¬ 
ous  studies  in  normal  [84]  and  cats  with  spinal  cord 
transection  [85,  86.  8"]  have  demonstrated  three  types 
of  locomotion  that  are  available  for  analysis  and  that 
are  controlled  by  different  classes  of  spinal  pathways 
[88].  For  example,  after  resolution  of  the  period  of 
reriex  depression  known  as  spinal  shock,  hindlimb  lo¬ 
comotion  in  response  to  a  moving  treadmill  (bipedal 
redex  locomotion)  returns  in  adult  cats  with  spinal  cord 
transection  (spinal  cats)  because  this  type  of  locomo¬ 
tion  requires  only  that  the  spinal  pattern  generators 
for  each  hindlimb  and  the  connections  between  them 
remain  intact  {86].  Reriex  locomotion  on  a  treadmill 
that  requires  coordination  between  the  forelimbs  and 
hindlimbs  (quadrupedal  reriex  locomotion)  does  not 
recover  atter  thoracic  transection  because  it  depends 
on  propriospmal  connections  between  forelimb  and 
hindlimb  pattern  generators  in  the  cervical  and  lumbar 
spinal  cord,  and  these  are  interrupted  by  the  transec¬ 
tion.  Conditioned  (voluntary)  overground  locomotion 
for  a  food  reward  will  also  not  recover  after  transection 
either  in  adult  or  newborn  cats  because  it  depends  not 
only  on  intact  segmental  and  intersegmental  connec¬ 
tions  but  also  on  the  presence  of  pathways  that  origi¬ 
nate  in  the  brain.  In  cats  with  thoracic  spinal  cord  tran- 
sections  that  have  received  a  transplant  on  the  day  after 
birth,  the  presence  of  quadrupedal  reflex  locomouon 
will,  therefore,  suggest  that  the  transplant  has  encour¬ 
aged  the  growth  of  propriospinal  connections  across 


the  site  of  transection,  and  the  presence  of  conditioned 
overground  tocomodon  will  suggest  the  growth  of  ax¬ 
ons  with  cell  bodies  in  the  brain. 

Locomotor  funcdon  has  been  examined  in  two  cats 
that  received  transplants  of  E-26  spinal  cord  into  T- 1 2 
transecdons  on  the  day  after  binh  [21].  These  cats 
were  compared  with  normal  cats  [89]  and  with  a  pre¬ 
viously  reported  group  of  cats  with  transecdons  as  new¬ 
borns  but  which  did  not  receive  transplants  (spinal  cats) 
[86].  By  3  weeks  of  age,  the  transected  cats  with  trans¬ 
plants  begin  to  differ  from  the  spinal  cats  and  the  dif¬ 
ferences  are  maintained  throughout  the  period  of 
study.  All  groups  of  cats  develop  bipedal  stepping,  but 
unlike  spinal  cats,  those  with  transplants  also  develop 
both  full  weight-supported  quadrupedal  stepping  on  a 
treadmill  and  overground  locomotion.  During  over¬ 
ground  locomodon,  cats  with  transplants  develop  pat¬ 
terns  of  limb  movement  that  suggest  coordination  be¬ 
tween  hindlimbs  and  forelimbs.  The  coordination  is 
only  sometimes  similar  to  that  seen  in  normal  adult 
animals  and  overground  locomotion  is  abnormal.  For 
example,  the  postural  stability  of  t^e  hindquaners  is 
impaired,  ihe  step  cycle  is  prolonged,  and  the  normal 
T.l  pairing  of  forelimb  and  hindlimb  step  cycles  is  in¬ 
consistent.  When  the  cats  were  studied  histologically 
2.5  and  S  months  after  transplantation,  transplants 
filled  the  entire  lesion  cavity  and  were  in  continuity 
with  host  spinal  cord  in  some  places.  Both  transplants 
developed  areas  of  gray  matter  and  ependymal  ele¬ 
ments,  and  contained  healthy  appearing  neurons  and 
glial  cells.  These  preliminary  results  indicate  that  trans¬ 
plants  enhance  the  development  or  recovery  of  loco¬ 
motor  function  in  newborns  with  spinal  cord  transec¬ 
tion  and  suggest  that  this  effect  is  mediated  by  the 
axons  of  propriospinal  or  supraspinal  neurons,  or  both, 
that  enter  the  transplants.  Additional  experiments  us¬ 
ing  anatomical  tracing  methods  are  necessary  to  estab¬ 
lish  this  and  to  determine  whether  these  axons  traverse 
the  transplant  or  form  multisynaptic  relays  within  the 
transplant.  If  the  locomotor  behavior  in  fact  depends 
on  supraspinal  input,  then  transplants  into  newborn 
spinal  cord  will  have  assisted  in  the  development  or 
recovery  of  complex  behavior  that  requires  the  recon¬ 
stitution  of  supraspinal  input  and  control  of  these  su¬ 
praspinal  neurons  by  the  host.  Like  the  transplants  for 
experimental  Parkinson’s  disease,  these  transplants  re¬ 
store  some  of  the  lost  functions'  but  not  the  complete 
array. 

Greater  recovery  may  be  obtained  by  combining 
transplants  with  additional  agents  that  encourage  axon 
growth.  When  exposed  to  the  joint  influences  of  a  fetal 
spinal  cord  transplant  and  a  prosthesis  containing  nerve 
growth  factor  (NGF),  for  example,  cut  dorsal  root  ax¬ 
ons  grow  into  and  past  the  transplant  into  the  ventral 
horn  of  host  spinal  cord  [90].  Without  added  NGF, 
dorsal  roots  grow  into  the  grafts  but  not  through  them 
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into  hose  spinal  cord  [76).  NGF  is  the  best  studied 
neurotrophic  factor  and  is  known  to  elicit  axon  out¬ 
growth  in  vitro  [91].  In  addition  to  growth  factors, 
other  agents  are  becoming  available  that,  together  with 
a  transplant,  might  promote  growth  past  an  area  of 
damage  and  into  undamaged  spinal  cord.  Increasing 
experimental  evidence  now  emphasizes  the  importance 
of  inhibitory  inHuences  in  directing  and  limiting  axon 
growth  [92-95],  and  the  molecules  responsible  are  be¬ 
ginning  to  be  identified.  Caroni  and  Schwab  [96,  97), 
for  example,  have  demonstrated  that  peptides  present 
in  central  nervous  system  myelin  inhibit  axon  exten¬ 
sion  [96]  and  that  this  inhibitory  activity  can  be 
blocked  with  a  monoclonal  antibody  against  the  pep¬ 
tides  [97].  Application  of  these  antibodies  to  young 
rats  whose  conicospinal  axons  have  been  transected  in 
the  throacic  spinal  cord  is  associated  with  sprouting  of 
these  axons  at  the  lesion  site  and  limited  growth  into 
the  caudal  spinal  cord  [98).  Scarring  at  the  lesion  site 
may  obstruct  the  growth  of  many  of  these  sprouted 
axons  [70,  99).  Because  transplants  are  reported  to 
reduce  gliosis  and  support  axon  extension  across  an 
area  of  injury,  growth  and  associated  recovery  might 
be  greater  if,  in  addition  to  reducing  inhibitory  influ¬ 
ences,  the  lesion  sice  were  bridged  with  a  transplant. 

Conclusion 

Incraspinal  transplants  have  clarified  the  conditions 
necessary  for  axon  growth  and  regeneration,  and  have 
provided  strategies  that  can  contribute  to  behavioral 
recovery  in  experimental  models  of  disease.  Many  is¬ 
sues  remain  to  be  resolved  in  the  laboratory  before  the 
therapeutic  potential  of  transplants  can  be  evaluated. 
That  injured  central  nervous  system  neurons  can  sur¬ 
vive  and  grow  in  an  appropriate  environment,  how¬ 
ever.  increases  the  likelihood  that  rational  therapies  to 
promote  recovery  will  be  forthcoming  and  makes  more 
urgent  the  basic  studies  on  which  the  development  of 
these  therapies  wiil  depend.  Although  it  is  not  yet  clear 
whether  transplants  will  be  pan  of  the  treatment  of 
human  spinal  cord  disease,  they  will  at  least  have  a  role 
to  play  in  developing  treatments. 
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CHAPTER  14 


Does  neural 

TRANSPLANTATION  AID  THE 
RECOVERY  OF  CNS  FUNCTION? 

Alan  R.  Tessler,  M.D. 


When  Sir  Peter  Medav/er  was  asked  about  the  application  of  his  work  an 
experimental  transplantation  he  responded,  ‘‘rtothing.  ”  Experimentalists  are  no 
longer  so  self-assured  about  gaining  knowledge  for  knowledge’s  sake,  rtor  are 
they  likely  to  be  as  wrong  about  the  application  of  their  work  as  Medawar  was. 

Santiago  Ramdn  y  Ca/a/  first  showed  the  feasibility  of  nervous  system 
transplantation  and  its  regenerative  potential.  Tessler  provides  evidence  for 
optimism  in  regard  to  transplantation  for  Parkinson's  disease  and  spinal  cord  injury. 

The  ultimate  limits  to  transplant  treatment  of  human  disease  may  well  prove 
to  be  not  scientific  but  ethicaJ,  as  the  recent  raging  debate  on  fetal 
transplantation  in  the  British  House  of  Lords  suggests. 

VCH 


Transplants  of  embryonic  nervous  system 
tissue  have  been  used  s'nce  the  end  of  the 
nineteenth  century  as  an  experimental  strat¬ 
egy  for  studying  the  mechanisms  by  which 
axons  develop  and  regenerate.”  Although 
transplants  have  been  the  subject  of  a  stead¬ 
ily  increasing  number  of  publications  by 
basic  scientists  for  the  past  25  years,  their  in¬ 
terest  for  clinicians  increased  dramatically 
in  the  mid- 1 980$  with  reports  from  Sweden 
and  Mexico  that  autograjfts  of  adrenal  me¬ 
dulla  produced  modest*  or  major*’  im¬ 
provement  in  the  motor  performance  of  pa¬ 
tients  with  Parkinson’s  disease.  Over  100 
patients  in  the  United  States  and  additional 
patients  abroad  have  undergone  this  opera¬ 
tion,  and  the  benefits  of  the  procedure,  a.s 
well  as  the  mechanisms  by  which  trans¬ 
plants  exert  their  effects,  remain  a  subject  of 
considerable  controversy  and  ongoing  in¬ 


vestigation.  Transplants  hold  additional  in¬ 
terest  for  neurologists  and  neurosurgeons 
because  they  have  been  reported  to  produce 
improvement  in  experimcnul  models  of 
human  diseases  that  include  not  only  Par¬ 
kinson’s  but  also  Huntington’s  disease.’ Alz¬ 
heimer’s  disease,**  and  spinal  cord  injury.’* 
Their  potential  clinical  application  is  there¬ 
fore  extremely  broad. 

'The  mechanisms  by  which  transplants 
promote  behavioral  recovery  are  likely  to  be 
complex  and  may  differ  depending  on  the 
identity  of  the  tissue  that  is  transplanted,  the 
condition  for  which  the  tissue  is  trans¬ 
planted,  and  the  site  into  which  the  graft  is 
placed.**  The  goal  of  transplantation,  how¬ 
ever,  is  to  promote  behavioral  recovery  by 
restoring  or  replacing  as  much  of  the  dam¬ 
aged  neuronal  circuitry  as  is  necessary  to  be 
functionally  cflectivc.  The  extent  to  which 
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the  circuitry'  will  have  to  be  restored  to  nor¬ 
mal  depends  on  the  system  that  has  been 
damaged.  In  some  cases  specific  connec¬ 
tions  between  neurons  may  need  to  be  re¬ 
placed,  and  the  transplanted  neurons  may 
have  to  be  thoroughly  integrated  into  sur¬ 
viving  neuronal  circuitry.  Such  a  complete 
restoration  of  circuitry  might  be  necessary, 
for  example,  to  restore  the  fine  motor  func¬ 
tions  mediated  by  corttcospinal  neurons  or 
the  discriminatory  sensations  mediated  by 
primary  afferent  neurons.  In  other  cases  it 
might  suffice  for  transplants  to  act  as  pumps 
of  ncurotransmitter  that  would  ensure  a 
consunt  supply  of  ncurotransmitter  within 
the  cerebrospinal  fluid  or  close  to  the  tar¬ 
gets  of  damaged  neurons.  Restoring  the 
functions  mediated  by  still  other  systems  of 
neurons  might  require  intermediate  degrees 
of  specificity  of  connections  between  host 
neurons  aflTerent  to  transplants  and  trams- 
plant  neurons  efferent  to  host  target 
neurons.  The  present  brief  review  will  con¬ 
sider  one  experimental  model  in  which 
transplants  have  been  used  to  correct  defi¬ 
cits  that  do  not  require  complete  restoration 
of  specific  connections  between  donor  and 
host  tissues  and  one  model  in  which  the  res¬ 
toration  of  function  is  likely  to  require  the 
establishment  of  specific  circuits.  As  an  ex¬ 
ample  of  the  restoration  of  function  primar¬ 
ily  through  the  release  of  ncurotransmitter, 
we  will  consider  the  experimental  back¬ 
ground  that  led  to  the  use  of  transplants  for 
the  treatment  of  Parkinson’s  disease.  As  an 
example  of  restoration  of  function  that  is 
likely  to  require  the  replacement  of  specific 
connections,  we  will  consider  experiments 
that  may  lead  to  a  similar  treatment  of  spinal 
cord  injury. 


TRANSPLANTS  FOR 
PARKINSON'S  DISEASE 

Appropriateness  of 
Transplant  Therapy 

Features  at  Parkinson’s  Disease 

Several  features  of  Parkinson’s  disease 
make  it  a  promising  candidate  for  treatment 
by  the  transplantation  of  neural  tissue.  First, 
the  disordered  motor  function  is  largely  ac¬ 


counted  for  by  the  degeneration  of  a  single 
system  of  dopaminergic  neurons  whose  cell 
bodies  are  in  the  substantia  nigra  and  w  hose 
axons  terminate  in  the  ipsilatcral  caudate 
and  putamen.^’  Transplanted  tissue  would 
therefore  have  only  to  replace  the  spatial'' 
restricted  projections  of  a  discrete  popula¬ 
tion  of  neurons.  Second,  levels  of  striatal  do 
pamine  must  be  reduced  by  at  least  80%  be 
fore  the  disease  becomes  symptomatic.^’ 
Transplanted  tissue  might  therefore  im¬ 
prove  function  even  if  levels  of  dopamine 
remained  far  below  normal  Third,  the  do¬ 
paminergic  neurons  whose  degeneration  is 
responsible  for  the  motor  dysfunction  of 
Parkinson's  disease  arc  thought  to  be  "per¬ 
missive'  neurons  that  modulate  the  level  of 
activity  of  neurons  in  the  striatum  by  pro¬ 
viding  nonspecific  information  related  to 
arousal.'®  *'  This  background  level  of  activ¬ 
ity  is  necessary  for  neuronal  interactions 
within  the  striatum  to  occur,  but  it  is  set  not 
by  precise  point-to-point  connections  with 
postsynaptic  targets  but  by  the  release  of 
transmitter  in  proximity  to  these  urgets.'® 
Transplants  would  therefore  not  necessarily 
have  to  restore  the  synaptic  connections 
found  in  the  normal  striatum  but  might 
function  usefully  as  reservoirs  for  the  re¬ 
lease  of  ncurotransmitter  in  the  vicinity  of 
their  urgets  in  the  striatum.  Founh,  treat¬ 
ment  with  levodopa  or  carbidopa  often  re 
lieves,  at  least  temporarily,  the  motor  im¬ 
pairments  of  Parkinson’s  disease  in  spite  of 
the  continuing  degeneration  of  subsuntia 
nigra  neurons.  Because  the  exogenous  re¬ 
placement  of  ncurotransmitter  is  effective, 
transplants  might  function  even  in  the  ab¬ 
sence  of  cither  a  normal  complement  of 
connections  between  transplant  and  targe . 
neurons  or  an  extensive  network  of  afferent 
neurons  from  the  host. 

Availability  at  Experimental  Model 

Information  available  from  studies  per¬ 
formed  in  several  laboratories  encouraged 
attempts  to  use  transplants  in  the  treat¬ 
ment  of  cxperimenul  parkinsonism.  It  was 
known,  for  example,  that  transplants  of  em¬ 
bryonic  subsuntia  nigra  survived  grafting  to 
the  anterior  chamber  of  the  eye  and  that 
neurites  would  grow  out  from  these  trans¬ 
plants  and  esublish  projections  within 
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pieces  of  embryonic  corpus  striatum  that 
has  been  cotransplanted  along  with  the  sub¬ 
stantia  nigra.'*'  A  quantifiable  and  panicu- 
larly  useful  laboratory  model  for  ParUnson’s 
disease  also  existed  in  which  one  substantia 
nigra -corpus  striatum  projection  was  de¬ 
stroyed  in  rats  by  a  unilateral  stcrotaxic  in¬ 
jection  of  the  neurotoxin  6-hydroxydopa- 
mine  (6-OHDA).'‘’'*'  Destruction  of  one 
projection  produced  supersensitivity  of  the 
denervated  dopaminergic  receptors  and 
consequently  a  syndrome  in  which  rats 
turned  away  from  the  lesion  following  the 
systemic  injection  of  apomorphine.  This  is  a 
dopamine  receptor  agonist  that  stimulates 
denervated  receptors  to  a  greater  extent 
than  those  that  are  intact.  The  systemic  ad¬ 
ministration  of  amphetamine,  which  causes 
the  release  of  dopamine  from  inuct  termi¬ 
nals,  caused  the  animal  to  route  toward  the 
side  of  the  injection. Because  the  cir¬ 
cling  behavior  of  these  rats  could  be  quanti¬ 
fied,  it  was  possible  to  transplant  embryonic 
subsuntia  nigra  adjacent  to  the  corpus  stria¬ 
tum  of  rats  that  had  received  a  unilateral  6- 
OHDA  lesion  and  to  expect  (1)  that  the 
grafts  would  survive  and  esublish  projec¬ 
tions  into  the  corpus  striatum  and  (2)  that 
the  behavioral  consequences  of  the  trans- 
planution  could  be  studied  quantiutively. 


Transplants  in 
Exparimantai  Parkinsonism 

Fatal  SubttmnUa  Nigra  Transplants 
In  6-OHOA  Rotlant  Model 

In  one  of  the  early  demonstrations  that 
transplants  could  reverse  experimenul  par¬ 
kinsonism,  feul  subsuntia  nigra  was  placed 
into  the  lateral  venuiclc  adjacent  to  the  cau¬ 
date  nucleus,  which  had  been  denervated  by 
an  injection  of  6-OHDA.'‘'‘  The  grafted 
neurons  survived  and  esublished  a  dense 
dopaminergic  innervation  within  the  trans¬ 
plant,  but  very  little  outgrowth  into  host 
parenchyma  occurred.  Nevertheless,  rats 
that  had  received  a  transplant  of  feul  sub- 
suntia  nigra,  but  not  those  that  had  received 
a  control  transplant  of  sciatic  nerve,  demon¬ 
strated  behavioral  improvement  on  the  apo- 
morphine-induced  rotation  test.  This  result 
suggested  that  the  test  transplants  had  re¬ 


duced  the  supersensitivity  of  denervated 
dopaminergic  receptors  and  that  the  mecha¬ 
nism  did  not  require  reinnervation  of  the  de- 
netvated  receptor  sites.  Release  of  dopa¬ 
mine  into  the  cerebrospinal  fluid  and 
elsewhere  in  the  vicinity  of  the  dcncrv'atcd 
striatum  appeared  to  suffice.  When,  how¬ 
ever.  solid  pieces  of  fetal  subsuntia  nigra  are 
grafted  onto  the  surface  of  the  neostriatum 
denervated  by  6-OHDA  injections,*^  or  ni¬ 
gral  cell  suspensions  are  injected  into  the 
striatum,*  large  numbers  of  dopaminergic 
axons  grow  for  disunces  of  up  to  2  mm  into 
the  adjacent  denervated  host  striatum.  Do¬ 
pamine  is  released  from  transplanted 
neurons,**  and  levels  of  dopamine**  as  well 
as  the  density  of  postsynaptic  dopamine  re¬ 
ceptor  binding  sites*’  in  the  striatum  dener- 
'vated  by  6-OHDA  return  toward  normal. 
Both  behavioral  and  morphologic  observa¬ 
tions  suppon  the  idea  that  the  recovery  is 
mediated  at  least  in  part  by  reinnervation  of 
host  striatum  as  well  as  by  local  release  of 
ncuiQtransroittcr.  For  example,  dopaminer¬ 
gic  axons  originating  in  the  transplants  form 
synapses  in  host  neuropil.’*  In  addition, 
outgrowth  appears  to  be  correlated  with  be¬ 
havioral  improvement,  since  asymmetries  in 
roution  induced  by  6-OHDA  injection  arc 
corrected  by  transplants  that  send  projec¬ 
tions  into  the  dorsal  striatum  but  not  into  the 
lateral  neostriatum,  whereas  the  sensorimo¬ 
tor  “neglect”  of  the  side  contralateral  to  a 
unilateral  injection  of  6-OHDA  is  counter¬ 
acted  by  transplants  that  send  axons  into  the 
ventrolateral  portions  of  the  neostriatum.** 

Fetal  Substantia  Nigra  Transplants 
In  MHTP  Primate  MedM 

The  administration  systcmically  of  the 
meperidine  analog  MPTP  produces  in  mon¬ 
keys,’  as  well  as  in  humans,’®  a  selective  de¬ 
generation  of  nig!  ostriaul  dopamine 
neurons,  which  results  in  impairments  in 
motor  behavior  similar  to  those  of  Parkin¬ 
son’s  disease.  This  neurotoxin  therefore 
provides  an  experimenul  model  in  monkeys 
in  which  the  morphologic,  biochemical, 
and  behavioral  consequences  of  transplants 
can  be  studied.  When  solid  grafts  of  feul 
substantia  nigra  are  transplanted  into  the 
striatum  of  adult  African  green  monkeys  i.i- 
toxicated  with  MPTP,  large  numbers  of 
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grafted  tyrosine  hydroxylase -containing,  these  transplants  **  Intrastriatal  transplants 
presumably  dopaminergic  neurons  ex-  of  adrenal  medulla  also  produce  behavioral 
tend  processes  into  the  denervated  improvement  in  the  6-OHDA- treated  ro- 
striatum,  and  levels  of  the  dopamine  mcub-  dent  model,  but,  unlike  transplants  of  cm- 
olitehomovanillic  acid  in  the  cerebrospinal  bryonic  subsunria  nigra,  this  is  not  due  to 
fluid,  which  are  decreased  by  MPTP,  return  reinnervation  of  the  denervated  striatum, 
toward  normal.”  The  impairments  in  motor  since  intraparenchymal  transplants  of  adre- 
performance  also  recover  in  the  early  days  nal  medulla  form  very  limited  projcc- 
after  transplantation,  and  improvement  is  tions.'*  **  Diffusion  of  dopamine  is  also  un¬ 
found  months  later,  although  there  may  be  likely  to  account  for  recovery  after  adrenal 
an  intervening  period  of  relapse.  This  recov-  medulla  transplants,  because  neither  cere- 
ery  is  likely  to  be  due  to  reinnervation,  since  brospinal*  **  nor  striatal*  levels  of  catechol- 
a  control  monkey  that  received  transplants  amines  are  persistently  elevated  after  intra- 
of  fetal  substantia  ni^  into  cingulate  striaul  transplantation, 
cortex,  fetal  hypothalamic  dofxuninergic  An  alternative  explanation  is  that  the 
neurons  into  one  striatum,  and  noradrener-  transplant  or  the  transplanution  procedure 
gic  neurons  from  locus  cenileus  and  subcer-  itself  induces  dopaminergic  neurons  in  the 
ulcus  into  the  other  striatum  showed  only  host  striatum  to  regenerate,  to  form  collar- 
transient  improvement  in  spite  of  the  sur-  cral  axons,  or  to  increase  their  synthesis  of 
vival  of  transplanted  neurons.*'  Because  the  catecholamines**  and  that  it  is  this  compen- 
behavioral  deficits  are  corrected  by  embry-  satory  response  of  dopaminergic  host 
onic  substantia  nigra  transplants  that  have  neurons  that  is  crucial  for  the  behavioral  re- 
been  placed  adjacent  to  the  target  rather  covery.  Transplantation  of  adrenal  medul- 
than  in  the  normal  position  of  dopaminergic  lary  cells  into  the  striatum  of  mice  intoxi- 
neurons  in  the  midbrain,  host  afferent  input  cated  with  MPTP,  for  example,  is  associated 
to  the  transplant  must  differ  from  the  path-  with  increased  density  of  host  tyrosine 
ways  that  modulate  substantia  nigra  func-  hydroxylase -conuining  axons  that  occurs 
tion  in  the  normal  brain.  The  restoration  of  despite  a  very  limited  survival  of  grafted 
motor  function  that  is  mediated  by  trans-  cells.*  This  result  suggests  that  the  trans¬ 
plants  in  the  6-OHDA  and  MPTP  models  of  plant  exerts  a  trophic  effect  on  the  host 
Parkinson’s  disease  therefore  docs  not  re-  neurons  that  is  independent  of  graft  sur- 
quirc  the  restoration  of  normal  neuronal  vival.  Enhanced  outgrowth  of  tyrosine 
circuitry.  hydroxylase -positive  fibers  is  also  ob¬ 

served  near  graft  sites  in  the  caudate  of  nor- 
Adrenaf  Medulla  Transplants  In  Cebus  monkc>^  or  of  Cebus  monkeys 

Rodent  and  Primate  Models  treated  with  MPTP,*'  although  very  few  ad¬ 

renal  chromaffin  cells  survive  transplanta- 
To  avoid  the  complicated  practical  and  tion."  However,  tyrosine  hydroxylase - 
legal  problems  that  would  be  raised  by  immunoreactive  fibers  were  also  induced  in 
transplants  of  fetal  tissue  in  humans,  the  be-  a  control  monkey  that  had  received  an  im- 
havioral  effects  of  other  sources  of  dopa-  plant  consisting  only  of  a  metal  tissue  car- 
minergic  neurons  have  been  investigated.  tier.**  One  implication  of  this  experiment 
When  separated  from  the  adrenal  cortex  and  is,  therefore,  that  the  injury  caused  by  the 
cultured  in  an  environment  that  contains  transplant  procedure,  rather  than  the  tissue 
nerve  growth  factor  (NGF),  chromaffin  cells  implanted,  produces  compensatory  re- 
of  the  adrenal  medulla  have  been  shown  to  sponses  in  the  host  that  contribute  to  behav- 
extend  neurites  and  synthesize  catechol-  ioral  recovery.  "•**•*« 
amines  including  dopamine.**  Intraventric¬ 
ular  transplants  of  adrenal  chromaffin  tissue 

reverse  apomorphine-induced  turning  be-  Transplants  In  Parkinson’s 
havior  to  about  the  same  extent  as  feul  sub-  Ofsoasa  Patiants 
stantia  nigra  transplants  in  rats  whose  stria¬ 
tum  has  been  unilaterally  denervated  by  Whether  or  not  transplants  of  adrenal  me- 
6-OHDA;  very  few  neurites  are  produced  by  dulla  produce  behavioral  improvement  in 
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the  primate  model  for  Parkinson's  disease 
has  received  surprisingly  little  attention.  In 
human  beings  with  Parkinson's  disease  the 
results  have  been  mixed.  As  reported  from 
Sweden,  four  patients  received  transplants 
of  solid  pieces  of  their  own  adrenal  medulla 
into  cither  the  caudate*  or  the  putamen.**  At 
best  the  procedures  produced  transient  im¬ 
provement  shown  by  brief  reversal  of  motor 
deficits  and  temporary  decrease  in  the  need 
for  medication.  More  dramatic  and  sus¬ 
tained  improvement  was  reponed  by  Ma- 
drazo  and  colleagues**  in  a  scries  of  patients 
that  now  totals  over  40.  The  two  patients  de¬ 
scribed  in  their  initial  report  showed  a 
marked  reduction  in  rigidity,  akinesia,  and 
tremor  that  persisted  for  the  duration  of  the 
follow-up  periods  of  3  and  10  months.  The 
operation  as  performed  in  Mexico  differed 
technically  from  that  performed  in  Sweden 
because  the  procedure  was  performed  as  an 
open  craniotomy,  and  the  solid  graft  im¬ 
planted  into  the  caudate  remained  in  con¬ 
tact  with  the  cerebrospinal  fluid  of  the  lat¬ 
eral  ventricle.  Differences  in  surgical 
technique  alone,  however,  are  unlikely  to 
have  accounted  for  the  differing  outcomes, 
because  other  groups  that  have  employed 
the  same  surgical  procedure  as  was  used  by 
the  Mexican  surgeons  have  been  unable  to 
reproduce  their  results.  A  study  of  19  pa¬ 
tients  that  combined  the  results  of  three 
medical  centers  in  the  United  States,  for  ex¬ 
ample,  found  only  an  increase  in  the  periods 
in  which  patients  responded  to  medication 
("on”  time)  andadecrease  in  the  severity  of 
impairment  during  the  periods  when  the 
medication  was  ineffective  ("off”  time).*® 
Postoperative  medical  and  behavioral  com¬ 
plications  were  also  frequent,  in  general, 
the  results  of  the  more  than  100  operations 
performed  in  the  United  States  have  shown 
that  the  procedure  produces  "modest  to 
slight  benefits  in  only  a  proportion  of  pa¬ 
tients”**  and  have  prompted  considerable 
skepticism  about  the  success  reponed  by 
Madrazo  and  co-workers.**  The  operation 
has  failed  when  the  transplant  has  not  sur¬ 
vived,**  and  when  chromaffin  cells  have 
survived  in  the  transplant  but  not  synthe¬ 
sized  dopamine,**  suggesting  that  in  the 
human  with  Parkinson's  disease,  graft  sur¬ 
vival  and  dopamine  synthesis  arc  necessary 
to  improve  motor  performance  and  that 


compensatory  changes  in  the  host  produced 
by  the  transplant  or  the  transplantation  pro¬ 
cedure  do  not  suffice. 

If  the  capacity  to  rcinnervatc  the  striatum 
and  to  deliver  dopamine  close  to  the  normal 
target  neurons  is  a  prerequisite  for  trans¬ 
plants  to  mediate  locomotor  recovery,  then 
the  available  experimental  evidence  sug¬ 
gests  that  transplants  of  embryonic  substan¬ 
tia  nigra  provide  a  more  promising  thera¬ 
peutic  possibility  than  adrenal  medulla 
transplants.  Two  patients  who  received 
transplants  of  human  fetal  subsuntia  nigra 
tissue  have  not,  however,  shown  major 
functional  improvement  after  a  6-month  pe¬ 
riod  of  study.**  Formidable  technical  prob¬ 
lems  need  to  be  solved  in  the  rodent  and  pri¬ 
mate  models  of  Parkinson’s  disease  before 
the  still  more  difficult  technical  challenges 
as  well  as  complicated  legal  and  ethical 
issues  in  humans  are  confronted. 


TRANSPLANTS  FOR  SPINAL 
CORD  INJURY 

State  of  tho  Art 

Transplanution  is  far  from  prov  iding  a 
practical  approach  to  the  treatment  of  pa¬ 
tients  with  spinal  cord  disease  or  spinal  cord 
injury.  Areas  of  embryonic  brain  as  well  as 
whole  pieces  and  cell  suspensions  prepared 
from  embryonic  spinal  cord  have  been 
shown  to  survive  transplantation  into  the 
spinal  cord  of  newborn  and  adult  host  rats, 
and  the  possibility  that  connections  form  be¬ 
tween  neurons  in  the  host  and  neurons  in 
the  transplant  has  begun  to  be  evaluated 
using  a  variety  of  morphologic  methods. 
The  elcctrophysiologic  and  behavioral  func¬ 
tion  of  these  f  isplants  is  at  an  earlier  stage 
of  study,  and  very  little  work  has  been  done 
yet  in  the  cat  or  primate. 

Transplant  Strategies 

Transplant*  of  Fatal 
Supraspinal  Neurons 

One  implication  of  the  transplant  studies 
in  the  experimental  models  of  Parkinson’s 
disease  is  that  some  types  of  behavior  can 
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be  improved  by  transplants  that  deliver  ncu- 
rotransmitters  and/or  neurotrophic  sub¬ 
stances  to  the  vicinity  of  their  targets,  even  if 
the  transplants  cannot  reconstitute  the  dam¬ 
aged  neuronal  circuits  in  detail.  One  strat¬ 
egy  for  using  transplants  to  correct  experi¬ 
mental  spinal  cord  injury  has  followed 
similar  reasoning:  that  the  appropriate 
neurons  placed  in  proximity  to  their  targets 
can  restore  some  behaviors  abolished  by  spi¬ 
nal  cord  injury  even  without  the  complete 
restoration  of  damaged  circuits.'**  It  is 
known,  for  example,  that  the  intravenous 
administration  of  dopamine  or  the  alphaj- 
adrenergic  agonist  clonidine  can  elicit  step¬ 
ping  movements  in  cats  with  spinal  cord 
transection  that  allow  them  to  walk  on  a 
treadmill.  This  action  is  thought  to  be  due 
to  the  activation  of  circuitry  for  locomotion 
that  is  intrinsic  to  the  spinal  cord.  It  is  also 
known  that  serotonergic  neurons  are  impor¬ 
tant  in  the  supraspinal  control  of  the  spinal 
reflexes  that  mediate  penile  erection  and 
ejaculation  and  that  administration  of  a  sero¬ 
tonin  receptor  agonist  to  rats  with  spinal 
cord  transection  can  induce  ejaculation.^^ 
Therefore,  one  approach  has  been  to  trans¬ 
plant  supraspinal  monoaminergic  neurons 
into  the  distal  portion  of  spinal  cord  isolated 
by  a  lesion.  Both  catecholaminergic  neurons 
known  to  be  important  for  locomotor  behav¬ 
ior  and  serotonergic  neurons  that  mediate 
autonomic  function  have  been  used.  Embry¬ 
onic  noradrenergic  neurons  taken  from 
locus  ceruleus  and  serotonergic  neurons 
taken  from  the  rhombencephalic  raphe  re¬ 
gion  extend  processes  up  to  2  cm  in  length 
into  host  spinal  cord  and  restore  levels  of 
neurotransmitters  that  have  been  depicted 
experimentally  by  the  use  of  neurotoxins*® 
or  by  spinal  cord  section.'**  Axons  of  trans¬ 
planted  serotonergic  neurons  grow  into  the 
regions  of  spinal  cord  that  receive  5-HT  in¬ 
nervation  normally  and  establish  morpho¬ 
logically  normal  synaptic  terminals  with 
motoneurons  in  the  ventral  hom  and  with 
neurons  in  the  intermediolateral  column.** 

In  addition,  reflex  ejaculation,  which  is 
abolished  in  rats  with  spinal  cord  transec¬ 
tion,  recovers  in  rats  that  receive  transplants 
of  embryonic  raphe,**  suggesting  that  be¬ 
havioral  recovery  is  related  to  the  recovery 
of  serotonergic  innervation. 

Transplanted  noradrenergic  neurons  orig¬ 


inating  in  the  locus  ceruleus  also  extend 
axons  into  the  regions  of  spinal  cord  to 
which  locus  ceruleus  axons  project  in  nor¬ 
mal  spinal  cord  and  appear  to  contribute  to 
the  recovery  of  reflex  stepping  activity.” 
The  question  of  whether  transplanted  nor¬ 
adrenergic  axons  establish  synapses  with 
their  target  neurons  has  not  ^cn  studied, 
and  therefore  the  anatomic  basis  for  the  re¬ 
covery  mediated  by  noradrenergic  neurons 
remains  to  be  determined.  Like  transplants 
of  embryonic  substantia  nigra  in  experimen- 
al  Parkinson's  disease,  these  embryonic 
transplants  of  brainstem  nuclei  appear  to 
contribute  to  behavioral  recovery  by  ex¬ 
tending  axons  into  host  neuropil,  where 
they  function  by  releasing  neurotransmitter 
or  neurotrophic  substances  close  to  their 
normal  targets.  As  in  the  parkinsonism 
models,  the  transplants  are  successful  even 
though  they  have  not  been  placed  in  their 
normal  location  and  the  neuronal  circuits  in 
wiiich  they  participate  normally  have  not 
been  restored. 

Trmnaplmaa  of  Fetal  Spinol  Cord 

Because  the  recovery  jf  other  behaviors 
abolished  by  spinal  cord  injury  may  require 
more  faithhil  reconstruction  of  damaged 
circuits,  a  second  strategy  has  been  to  use 
transplants  of  embryonic  spinal  cord  in  an 
effort  to  replace  populations  of  damaged 
neurons  and  restore  neuronal  connec¬ 
tions.*’  The  transplant  might  then  function 
as  a  bridge  across  injured  tissue,  either  by 
permitting  the  direct  growth  of  lesioned 
axons  Into  intact  spinal  segments  or  by  per¬ 
mitting  the  formation  of  relays  within  the 
graft.  Embryonic  spinal  cord  transplanted 
into  a  cavity  in  host  spinal  cord  survives  and 
becomes  integrated  with  Lost  neuropil.*’ 
Grafts  lack  the  characteristic  butterfly  ap¬ 
pearance  of  normal  spinal  cord  but  contain 
differentiated  areas  that  resemble  substantia 
gelatinosa.^*  This  resemblance  to  normal 
spinal  cord  encourages  the  expectation  that 
transplants  might  replace  damaged  popula¬ 
tions  of  neurons  and,  with  them,  their  nor¬ 
mal  connections.  One  additional  way  in 
which  transplants  of  embryonic  spinal  cord 
may  contribute  to  recovery  of  behavioral 
function  has  already  been  demonstrated 
in  newborn  hosts,  where  transplants  have 
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been  shown  to  rescue  injured  host  rubro¬ 
spinal  neurons  otherwise  destined  to  die.* 
V^ether  transplants  to  spinal  cord  can  also 
rescue  axotomized  neurons  in  adult  hosts  is 
currently  being  studied  in  several 
laboratories. 

In  newborn  hosts,  spinal  cord  transplants 
have  the  capacity  to  act  as  bridges  that  sup¬ 
port  the  elongation  of  supraspinal  axons 
into  regions  of  intact  spinal  cord  well  below 
the  level  of  injury.  Both  serotonergic  axons 
originating  in  neurons  in  the  brainstem 
raphe  nuclei^  and  the  axons  of  corticospinal 
neurons’  traverse  transplants  placed  into  le- 
sioned  newborn  thoracic  spinal  cord  and  es¬ 
tablish  projections  within  host  spinal  cord 
as  far  caudal  as  the  lower  lumbar  levels.  Ani¬ 
mals  with  transplants  perform  bener  than 
littermates  with  lesions  alone  on  several 
tests  of  locomotor  function, “  consistent 
with  the  idea  that  the  axons  that  grow  into 
host  spinal  cord  caudal  to  the  lesion  contrib¬ 
ute  to  the  improved  performance.  If  so,  then 


transplants  into  newborn  spinal  cord  have 
assisted  in  the  recovery  of  complex  behavior 
that  requires  not  only  the  reconstitution  of 
precise  input  by  supraspinal  neurons  but 
also  intact  afferent  control  of  these  supra¬ 
spinal  neurons. 

In  adults,  projections  from  host  into  trans¬ 
plant  and  from  transplant  into  host  are  more 
modest,  and  damaged  host  axons  do  not  tra¬ 
verse  the  full  extent  of  the  graft.'*’  However, 
serotonergic  axons  from  brainstem  raphe 
nuclei,*’  axons  from  corticospinal  neu¬ 
rons,’  and  primary  afferent  axons  originat¬ 
ing  in  dorsal  root  ganglion  neurons’*  regen¬ 
erate  into  transplants,  whereas  they  are  un¬ 
able  to  elongate  into  spinal  cord  in  the 
absence  of  a  transplant  (Fig.  14-1).  Dorsal 
root  ganglion  axons  not  only  establish  syn¬ 
apses  with  neurons  within  transplants  (Fig. 
14-2),  but  these  synapses  resemble  in  sev- 
eral  respects  those  formed  by  dorsal  root 
ganglion  axons  within  the  dorsal  horn  of 
normal  spinal  cord.*’  The  esublishment  of 


FIGURE  14-1.  Sagittal  section  of  the 
interface  (arroM's)  between  fetal  spinal 
cord  transplant  (TP)  and  host  dorsal 
root  (DR)  showing  regenerated  host 
dorsal  root  axons  within  the  trans¬ 
plant.  The  dorsal  axons  have  been  la¬ 
beled  to  derTKXistrate  calcitonin  gene- 
related  peptide  immunoreactivity, 
since  this  is  a  specific  label  for  many  of 
the  primary  different  axons  that  termi¬ 
nate  in  the  dorsal  horn  of  normal  spinal 
cord.  (Bar  —  100  )/m.) 
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FIGURE  14-2.  Electron  mieroyaph 
showing  synapses  formed  by  host 
tlorsal  root  sxon  which  has  regener¬ 
ated  into  the  fetal  spinet  cord  trans- 
ptant.  A  complex  terrnnat  makes 
asymmetric  synaptic  corrtacts  (arrows) 
upon  three  cRfferent  dendritic  profSes 
(D).  The  dorsal  root  has  been  labeled 
by  the  direct  application  of  wheat  germ 
aggtutinin-cariugated  horseradish 
peroxidase.  l  Aft.) 


tnorphologicaily  normal  synapses  by  an 
identified  population  of  host  neurons  afifer- 
ent  to  the  transplant  encourages  the  idea 
that  relays  of  synaptically  coupled  neurons 
formed  within  transplants  may  allow  the 
transplants  to  act  as  bridges  across  damaged 
spinal  cord.  Donor  neurons  in  transplants 
have  in  fact  been  shown  to  send  axons 
through  the  transplant  into  the  peripheral 
nervous  system  of  the  host’*  (Fig.  14-3). 
Therefore  it  is  at  least  possible  that  trans¬ 
plants  of  fetal  spinal  cord  have  the  capacity 
to  restore  a  damaged  motor  reflex  arc  as  well 
as  to  stimulate  or  support  the  regeneration 
of  axons  otherwise  unable  to  regrow.  An  im¬ 
portant  component  of  these  transplants  is 


thought  to  be  the  contribution  of  the  glia,  es¬ 
pecially  the  astrocytes. 

mrostfMRM  of  Fotaf  4sfroc]rt«s 

A  third  strategy  for  using  transplants  to 
mediate  behavioral  recovery  after  spinal 
cord  injury  is  to  use  prostheses  prepared 
from  immature  astrocytes  as  bridges  that 
will  promote  the  regeneration  of  damaged 
central  nervous  system  (CNS)  axons.  In  the 
developing  CNS,  the  surfaces  of  astrocytes 
and  astrocyte  precursors  provide  an  impor¬ 
tant  substrate  for  neuron  migration”  and  the 
outgrowth  of  neuronal  processes.”-’®  In¬ 
jured  adult  axons  may  reuin  or  reacquire 
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FIGUnE  14-3.  Oark'fiekl  photomicrographs  of  trans¬ 
verse  sections  through  a  fetal  spinal  cord  transplant  fol¬ 
lowing  injection  of  cholera  toxin -conjugated  horseradish 
peroxidase  into  the  ipsilatsral  sciatic  rtetve  A.  Within  the 
transplant  (TP)  are  the  cell  txsdies  of  neurons  whose 
axons  have  grown  out  from  the  transplant  and  down  the 
sciatic  nerve  of  the  host.  Regenerate  host  dorsal  root 
axons  (OR)  are  also  shown  at  the  margin  of  the  transplant. 
(Bar  -  200  ^m.)  B,  The  labeled  cefl  bodies  are  shown  at 
higher  magnification.  (Bar  —  100  ^m.) 


the  capacity  to  growth  along  immature  glia, 
since  astrocytes  isolated  from  ncwtxim 
corpus  callosum  and  trapped  on  a  piece  of 
Millipore  filter  can  stimulate  the  regrowth 
of  damaged  corpus  callosum  axons  and 
guide  them  across  the  site  of  injury  to  pro¬ 
ject  into  normal  regions  of  termination.’*  In 
a  first  attempt  to  apply  the  same  technique 
to  the  repair  of  the  d^aged  spinal  cord,  the 
L-  5  dorsal  root  was  crushed  approximately  2 
to  3  mm  from  the  dorsal  root  entry  zone,  and 
a  prosthesis  consisting  of  a  pennant-shaped 
piece  of  Millipore  filter  was  coated  with  as¬ 
trocytes  isolated  from  embryonic  spinal 
cord  and  inserted  into  the  spinal  cord  so  as 
to  direct  the  crushed  dorsal  root  axons  into 
the  dorsal  horn.**  Control  animals  that  re¬ 
ceived  implants  not  coated  with  astrocytes 


showed  an  intense  infiammatory  reaction  to 
the  implant,  along  with  hemorrhage  and  ca- 
viution  in  the  adjacent  spinal  cord  and  no 
ingrowth  of  regenerating  axons  into  the  dor¬ 
sal  horn.  Animals  that  received  implants 
coated  with  astrocytes  showed  a  reduced  in¬ 
flammatory  response  and  little  hemorrhage 
or  cavitation.  In  these  animals,  regenerated 
axons  grew  along  the  implant  and  termi¬ 
nated  within  the  dorsal  horn,  some  after  first 
following  an  aberrant  circumferential  path 
around  the  dorsal  hom.  Although  the  exper¬ 
imental  injury  was  mild  compared  with  the 
massive  tissue  destruction  seen  in  human 
spinal  cord  injury,  and  although  the  func¬ 
tional  significance  of  the  regeneration  re¬ 
mains  to  be  explored,  the  results  of  this 
experiment  suggest  that  transplanted  astro- 
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cytes  can  both  reduce  the  necrc»is  that  ac¬ 
companies  spinal  cord  injury  and  promote 
the  regeneration  of  axons  past  the  site  of  in¬ 
jury.  Moreover,  once  past  the  site  of  crush, 
the  elongating  axons  arc  able  to  recognize 
cues  that  enable  them  to  return  to  their  nor¬ 
mal  sites  of  termination  within  the  dorsal 
horn. 


SUMMARY 

Transplants  of  embryonic  CNS  tissue  have 
for  many  years  contributed  to  the  study  of 
axon  development  and  regeneration.  Neu¬ 
rologists  and  neurosurgeons  became  inter¬ 
ested  when  grafts  were  reported  to  provide  a 
method  of  therapy  for  Parkinson’s  disease 
and  potentially  for  other  illnesses.  Several 
features  of  Parkinson’s  disease  made  it  a 
promising  candidate  for  treatment  by  trans¬ 
plantation,  and  both  fetal  substantia  nigra 
and  adult  adrenal  medulla  grafts  have  re¬ 
stored  locomotor  function  in  experimental 
models  of  parkinsonism.  The  mechanisms 
by  which  transplants  improve  function  are 
debated,  as  is  the  role  of  transplanation  in 
the  treatment  of  patients  with  Parkinson’s 
disease.  Several  strategies  have  also  been 
proposed  for  using  transplants  to  treat  ex¬ 
perimental  spinal  cord  injury,  including  the 
use  of  transplants  of  brainstem  raonoamin- 
ergic  neurons,  transplants  of  embryonic  spi¬ 
nal  cord,  and  prostheses  of  embryonic  astro¬ 
cytes.  The  functional  effects  of  transplants 
into  spinal  cord  are  in  the  early  stages  of  in¬ 
vestigation.  However,  transplants  continue 
to  provide  insights  into  the  mechanisms  by 
which  axons  grow,  and  they  represent  a  first 
step  toward  the  development  of  a  rational 
treatment  of  human  spinal  cord  injury. 
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The  differentiation  of  intracerebral  and  intraspinal 
transplants  of  fetal  (E,4->E|s)  rat  spinal  cord  was  stud- 
ied  to  determine  the  extent  to  which  myelin-free  zones 
in  these  embryonic  grafts  exhibit  cytological  features 
and  immunocytochemical  characteristics  of  the  sub¬ 
stantia  gelatinosa  <SG)  of  the  normal  spinal  cord.  Im- 
munocytocbemical  staining  with  antiserum  to  myelin 
basic  protein  (MBP)  revealed  myelin-free  areas  of 
varying  proportions  within  fetal  spinal  cord  grafts. 
These  regions  were  identified  in  both  newborn  and 
adult  recipients  regardless  of  whether  donor  tissue  was 
grafted  to  heterotopic  (intracerebral)  or  homotopic  (in¬ 
traspinal)  sites.  As  in  the  SG  of  the  intact  spinal  cord, 
the  myelin-free  regions  consisted  mainly  of  small  (7- 
15  Mm)  diameter  neurons.  At  the  ultrastructural  level, 
these  cells  were  surrounded  by  a  neuropil  composed  of 
numerous  small  caliber,  unmyelinated  axons  and  inter¬ 
mediate-sized  dendrites.  Synaptic  terminals  in  these 
areas  were  primarily  characterized  by  the  presence  of 
clear,  round  vesicles,  although  granular  vesicles  were 
occasionally  found  within  these  terminals.  Immunocy¬ 
tochemical  staining  demonstrated  met-  and  leu-en¬ 
kephalin-,  neurotensin-,  substance  P-,  and  somato¬ 
statin-like  immunoreactive  elements  within  these  my¬ 
elin-free  areas.  Thus,  regions  within  embryonic  spinal 
cord  grafts  undergo  some  topographical  differentiation 
which  parallels  that  of  the  normal  superficial  dorsal 
horn.  The  presence  of  SG-like  regions  illustrates  the 
potential  capacity  of  fetal  spinal  cord  transplants  for 
replacing  some  intraspinal  neuronal  populations  at  the 
site  of  a  spinal  cord  injury  in  neonatal  and  adult  ani¬ 
mals.  These  graft  regions  may  serve  as  a  source  of  in- 
tersegmental  projection  neurons  or  establish  an  exten¬ 
sive  intrinsic  circuitry  similar  to  that  seen  in  the  nor¬ 
mal  SG.  In  addition,  the  definition  of  these  areas 
provides  a  useful  model  to  study  the  innervation  pat¬ 
terns  of  host  axons  that  typically  project  to  the  substun- 
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INTRODUCTION 

Intracerebral  grafts  of  fetal  CNS  (central  nervous  sys¬ 
tem)  tissue  have  been  shown  to  compensate  for  a  variety 
of  functional  deficits  in  experimental  animal  models, 
through  the  replacement  of  neuronal  circuitries  or  neu¬ 
rotransmitters  or  by  the  production  of  neuronotrophic 
substances  within  the  host  brain  (reviewed  in  (5,  7,  15, 
46).  In  recent  years,  there  has  been  some  enthusiasm  for 
the  application  of  fetal  CNS  tissue  transplantation  tech¬ 
niques  to  the  problem  of  spinal  cord  injury  (e.g.  (3,  9, 10, 
13, 14,  21, 34,  39)).  Together,  these  reports  indicate  that 
intraspinal  transplantation  results  in  the  survival  and 
integration  of  embryonic  donor  tissue  in  both  neonatal 
and  adult  recipients.  In  this  context,  embryonic  CNS  tis¬ 
sue  may  be  used  to  promote  repair  by  bridging  the  lesion 
and  thus  providing  a  favorable  matrix  through  which  ax¬ 
ons  can  grow  (8,  31,  36).  In  other  cases,  fetal  grafts  may 
be  used  to  replace  supraspinal  inputs  to  motoneuron 
pools  caudal  to  the  lesion  (6, 10,  31,  32,  34). 

A  third  strategy  for  functional  repair  involves  the  in¬ 
troduction  of  fetal  neurons  into  the  lesion  site.  The  inte¬ 
gration  of  transplanted  tissue  with  the  host  neuronal  el¬ 
ements  could  allow  for  the  formation  of  a  neuronal  relay 
by  establishing  intersegmental  connections  (e.g.  (31, 
36)).  In  particular,  homotopic  grafts  could  serve  as  a 
source  of  specific  intraspinal  neuronal  populations  with 
an  inherent  potential  for  integrating  with  synaptic  cir¬ 
cuits  above  and  below  the  injury.  Therefore,  recent  at¬ 
tention  has  been  given  to  the  intraspinal  transplanta¬ 
tion  of  embryonic  spinal  cord  tissue  into  both  acute  and 
chronic  lesion  sites  in  the  rat  spinal  cord  (21,  38,  39,  40). 
The  survival,  host-graft  integration,  and  connectivity  of 
such  homotopic  grafts  have  been  examined  (21,  39,  51). 
In  addition,  some  degree  of  homotypic  differentiation 
has  been  indicated  by  studies  in  which  fetal  spinal  cord 
transplants  were  placed  into  intracerebral  or  intraspinal 
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cavities  (37-40).  In  these  preliminary  investigations, 
distinct  myelin-free  regions  were  observed  in  matured 
grafts,  leading  to  the  hypothesis  that  these  unmyelin¬ 
ated  areas  corresponded  to  the  superficial  dorsal  horn — 
especially  the  substantia  gelatinosa  (SG) — of  the  nor¬ 
mal  spinal  cord. 

In  the  present  study  we  have  examined  in  more  depth 
the  myelin-free  regions  of  fetal  spinal  cord  grafts  to  de¬ 
termine  the  extent  to  which  these  areas  develop  cellular 
and  ultraslructural  characteristics  of  the  normal  SG.  In 
addition,  immunocytochemistry  was  used  to  determine 
whether  some  peptidergic  elements  normally  seen  in  the 
mature  superficial  dorsal  horn  are  also  seen  in  the  mye- 
lin-free  regions.  In  order  to  evaluate  the  intrinsic  differ¬ 
entiation  of  this  region  under  a  variety  of  conditions, 
grafts  were  placed  into  spinal  or  supraspinal  levels  and 
into  new  born  and  adult  recipients. 

MATERIALS  AND  METHODS 
Animal  Groups 

Thirty -nine  adult  (200-300  g)  Sprague-Dawley 
(Zivic-Miller,  Allison  Park,  PA)  rats  of  either  sex  re¬ 
ceived  either  intracerebral  (N  =  15)  or  intraspinal  (N 
=  24)  implants  of  Eu  or  E15  spinal  cord  tissue  (Day  Eo 
=  day  of  insemination).  A  total  of  15  newborn  rat  pups 
(less  than  72  h  after  birth)  received  intraspinal  trans¬ 
plants  of  embryonic  spinal  cord  tissue. 

Surgery 

The  surgical  procedures  used  for  intracerebral  and  in¬ 
traspinal  transplantation  were  identical  to  those  pre¬ 
viously  described  (8,  39,  41).  In  brief,  adult  rats  were  an¬ 
esthetized  with  ketamine  (60-70  mg/kg)  and  xylazine 
(10  mg/kg)  and  administered  a  preoperative  dose  of  pen¬ 
icillin  (Wyeth,  Bicillin  C-R;  approximately  60,000  U, 
im).  Intracerebral  transplants  were  placed  into  a  poste¬ 
rior  cortical  cavity  made  by  aspirating  portions  of  the 
occipital  cortex  and  hippocampal  formation  at  the  level 
of  the  superior  colliculus  (48).  After  hemostasis  was 
achieved,  the  donor  tissue  was  placed  on  the  vascular 
bed  of  the  choroid  fissure.  The  remainder  of  the  cavity 
was  filled  with  gelfoam,  the  craniotomy  was  repaired 
with  bone  wax,  and  the  scalp  incision  was  closed  with 
surgical  wound  clips. 
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For  intraspinal  transplants  into  adult  animals,  lami¬ 
nectomies  were  performed  at  cervical,  thoracic,  or  lum¬ 
bar  spinal  levels.  The  grafts  were  introduced  into  an 
aspirative  lesion  cavity,  3-4  mm  in  length,  consisting  of 
either  an  extensive  dorsal  funiculotomy  or  a  transverse 
hemisection.  Newborn  rats  were  anesthetized  by  h>po- 
thermia  and  received  a  laminectomy  just  caudal  to  the 
blood  supply  of  the  dorsal  fat  pad  (Ts-T^).  Transplants 
were  then  placed  into  a  transverse  hemisection  of  the 
spinal  cord  measuring  3  mm  in  length.  After  placement 
of  the  grafts  in  both  the  neonatal  and  adult  recipients, 
the  dural  incision  was  closed  as  previously  described,  the 
overlying  muscles  were  sutured  in  layers,  and  the  skin 
incisions  were  closed  with  wound  clips. 

For  each  transplantation  session,  pregnant  Sprague- 
Dawley  rats  were  maintained  under  deep  chloral  hydrate 
anesthesia  (400  mg/kg)  and  fetuses  were  removed  as  do¬ 
nor  tissue  was  required.  Fetuse»  were  transferred  to  ster¬ 
ile  tissue  culture  medium  (Dulbecco’s  modified  essential 
medium)  in  which  the  spinal  cord  was  isolated.  The  fetal 
meninges  (except  for  the  pia  mater)  were  then  peeled 
away  as  a  continuous  sheath,  resulting  in  the  detach¬ 
ment  of  spinal  ganglia.  Whole  segments  of  donor  tissue, 
3-4  mm  in  length,  were  then  introduced  into  the  lesion 
cavities  as  previously  described.  To  determine  if  the 
differentiation  of  SG  regions  was  dependent  upon  affer¬ 
ent  innervation  from  surrounding  host  tissue,  two  in¬ 
traspinal  transplants  (adult  recipients)  were  intention¬ 
ally  isolated  from  the  recipient  cord  by  cografting  pieces 
of  the  embryonic  meninges  which  established  a  connec¬ 
tive  tissue  capsule  around  the  donor  tissue. 

Light  and  Electron  Microscopy 

At  random  intervals  from  1  to  4  months  after  trans¬ 
plantation,  10  intracerebral  and  15  intraspinal  recipi¬ 
ents  (12  adult,  3  newborn)  were  anesthesized  with  a  le¬ 
thal  dose  of  sodium  pentobarbital  and  perfused  through 
the  heart  with  '>.9%  NaCl  followed  by  5.0%  glutaralde- 
hyde  and  4.0%  paraformaldehyde  in  0.1  M  phosphate 
buffer.  One  adult  recipient  was  sacrificed  after  6  months 
to  determine  if  any  obvious  changes  in  SG  development 
occurred  at  longer  survival  times.  Following  the  perfu¬ 
sion,  graft-containing  segments  were  then  exci.sed  and 
divided  into  several  transverse  or  longitudinal  slices. 
The  specimens  were  subsequently  osmicated,  dehy¬ 
drated,  and  embedded  in  Epon  for  plastic  thick  section¬ 
ing.  Regions  of  the  grafts  classified  as  “SG-like"  were 


FIG.  1.  Identification  of  myelin-free  areas,  (a)  Pattern  of  PAP  .staining  with  anti.serum  again.st  MBP  in  a  transverse  section  of  a  normal 
rat  thoracic  .spinal  cord,  showing  the  myelin-free  regions  in  the  superficial  dorsal  horn  (arrows),  (b)  Anti-MBP  staining  in  a  '2-month  intraspinal 
transplant  (Tl  and  surrounding  ho.st  intermediate  gray  (Hg)  and  lateral  white  matter  (Hw)  (horizontal  section).  Three  myelin -free  patches  are 
seen  at  the  edge  of  the  tran.splant  (arrows),  (c)  Enlargement  of  boxed  region  in  (h).  Myelinated  axons  (arrow)  cross  through  this  otherwise 
unmyelinated  area.  Dotted  line  highlights  the  host/graft  interface,  (d)  T<iluidine-blue-stained  2-am  section  of  another  intraspinal  graft  showing 
myelinated  regions  containing  larger  neurons  and  unmyelinated  patchessimilar  to  those  in  (c).  (e,  f)  Adjacent  saggital  sections  from  an  intra.spi- 
nal  transplant  illustrates  the  correspondence  Itetween  an  MBP-negalive  region  and  an  enlargement  of  the  same  area  (arrowheads)  which  is 
occupied  by  small  cells  and  processes.  Magnification  bars  in  (a),  (b).  and  (el  -  200  gm;  and  in  (c),  id),  and  (f)  =  50  gm. 
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trimmed,  and  thin  ;;“ctions  were  surveyed  at  the  ultra- 
structural  level. 

Immunocytoi'hemistry 

At  similar  intervals,  the  remaining  intracerebral,  and 
22  of  the  intraspinal  graft  recipients  were  perfused  4.0% 
paraformaldehyde  in  0.1  M  Sorenson’s  phosphate  buffer 
(pH  7.4).  The  remaining  2  intraspinal  recipients  were 
sacrificed  at  8  and  9  months,  respectively.  Graft-con¬ 
taining  specimens  were  excised  and  prepared  for  either 
cryostat  (15  ^m)  or  Vibratome  (25-40  ^tm)  sectioning. 
Specimen  blocks  used  for  immunofiuorescent  staining 
were  transferred  through  a  graded  series  of  10,  20,  and 
30%  sucrose  in  0.1  M  phosphate  buffer  at  4“C  for  at  least 
2  h  for  each  step.  The  blocks  were  frozen  after  a  final 
overnight  rinse  in  30%  sucrose.  Resulting  sections  were 
then  processed  for  either  the  indirect  immunofluores¬ 
cence  or  peroxidase-antiperoxidase  (PAP)  method  (49) 
using  primary  antisera  raised  in  rabbits  against  met-  and 
leu-enkephalin  (met-  or  leu-ENK),  neurotensin  (NT), 
substance  P  (SP),  or  somatostatin  (SOM)  obtained  from 
Immunonuciear  Corp.  (Stillwater,  MN).  Care  was  taken 
to  maintain  sections  in  serial  order;  the  first  and  the  last 
sections  in  a  given  series  were  stained  with  antiserum  to 
Myelin  Basic  Protein  (MBP;  provided  by  Dr.  L.  F.  Eng, 
Palo  '.iio,  CA,  VA  Medical  Center)  to  identify  the  my- 
e!in-free  regions  under  investigation.  The  intervening 
sections  were  stained  with  the  antisera  to  some  or  all  of 
the  peptides  listed  above.  In  addition,  sections  from  the 
thoracic  spinal  cord  of  normal  rats  were  processed  with 
the  same  techniques  to  illustrate  normal  characteristics 
and  staining  patterns  within  the  substantia  gelatinosa. 
Two  intracerebral  graft  recipients  received  injections  of 
colchicine  (20  ^il,  10  mg/ml,  Sigma)  directly  into  the 
transplant  48  and  24  h  prior  to  sacrifice  to  reveal  neuro¬ 
nal  cell  bodies. 

For  PAP  staining,  tissue  sections  were  incubated 
overnight  at  room  temperature  in  primary  antiserum  di¬ 
luted  to  1:2000  with  a  solution  of  0.3%  Triton  X-lOO  in 
phosphaie-buff'ered  saline  (PBS)  containing  10%  nor¬ 
mal  goat  serum.  The  sections  were  washed  several  times 
in  PBS  and  then  incubated  in  goat  anti-rabbit  IgG  (Coo¬ 
per  Biomedical  or  Sternberger- Meyer)  diluted  1:10  with 
the  primary  antiserum  diluent  for  45-60  min  at  room 
temperature.  After  a  rinse  with  PBS,  the  sections  were 
incubated  for  45  min  in  rabbit  PAP  (Cooper  Biomedical 
or  Sternberger-Meyer)  diluted  1:50.  Following  several 


washes  in  PBS  and  0.05  Af  Tris  buffer  (pH  7.6),  the  im- 
munocytochemical  reaction  product  was  developed  in  a 
0.05  M  Tris  buffer  solution  containing  0.05%  3,3'-diami- 
nobenzidine  hydrochloride  (Sigma),  0.3%  H^^Ov*.  Anti¬ 
body  specificity  •  'as  verified  by  the  ab.sence  of  immuno- 
reactive  elements  when  primary  antibody  was  replaced 
with  antiserum  preabsorbed  with  50  ng/m\  of  peptide. 

For  immunofluorescence  visualization  of  met-ENK 
and  NT,  frozen  sections  were  affixed  to  slides  and 
washed  several  times  in  PBS  at  room  temperature.  The 
slides  were  then  incubated  in  primary  antiserum  either 
to  NT  (1:500)  or  met-ENK  (1:500  or  1:1000)  at  4°C  over¬ 
night  in  a  moiSt  chamber.  The  sections  were  again 
washed  several  times  with  PBS  and  incubated  in  fluo¬ 
rescein-isothiocyanate  (FITC)-conjugated  to  goat  anti¬ 
rabbit  IgG  (Miles/Sigma)  at  a  dilution  of  1;.50  for  30  min 
at  37°C.  Finally,  the  sections  were  washed  and  cover- 
slipped  with  n-propyl  gallale. 

RESULTS 

Light  Microscopy  and  Cytological  Characteristics 

Sections  of  normal  rat  spinal  cord,  when  stained  with 
antiserum  directed  against  myelin  basic  protein  (MBP), 
exhibit  a  characteristic  pattern  of  myelin  distribution. 
Specifically,  the  long  fiber  tracts  appear  densely  stained, 
while  a  moderate  staining  reflects  the  presence  of  my¬ 
elinated  fibers  coursing  throughout  most  of  the  central 
gray  matter.  The  most  striking  feature  of  thic  prepara¬ 
tion,  as  also  seen  with  conventional  myelin  stains,  is  the 
superficial  dorsal  horn.  This  corresponds  to  the  cytoar- 
chitecturally  defined  substantia  gelatinosa  (SG),  which 
stands  out  against  the  background  of  intense  myelin  im- 
munoreactivity  due  to  the  paucity  of  myelinated  axons 
in  this  region  of  gray  matter. 

Fetal  spinal  cord  transplants  were  stained  with  anti- 
MBP  to  examine  the  differentiation  of  the  grafts.  All  of 
the  transplants  examined  with  this  technique  were 
heavily  myelinated  as  indicated  by  areas  of  very  dense 
staining.  In  addition,  large  regions  exhibiting  moderate 
immunoreactivity  similar  to  normal  gray  matter  were 
evident.  Also,  the  transplants  usually  contained  one  or 
more  areas  which  were  conspicuous  due  to  the  marked 
absence  of  MBP-like  staining  (Figs,  lb,  Ic,  and  le). 
These  myelin-free  areas  typically  assumed  a  convoluted 
configuration  within  the  grafts,  and  appeared  as  either 


FIG.  2.  Cytology  of  the  normal  SG  and  SG-like  regions  in  FSC  grafts,  (a,  c)  Two-micrometer  loloidine  blue-stained  transverse  sections 
from  the  normal  adult  rat  dorsal  horn  (laminae  I-V)  and  the  SG  (lamina  ID.  Neurons  within  the  SG  are  tightly  packed  and  contain  large  nuclei 
with  prominent  indentations  (arrowheads).  Most  of  the  unmyelinated  prcxresses  in  this  region  course  perpendicular  to  the  plane  of  section.  An 
unmyelinated  region  from  an  E,,  intracerebral  graft  (b)  strongly  resembles  tbe  normal  dorsal  horn  (in  this  figure,  the  host  tissue  cannot  be 
seen).  Larger  neurons,  such  as  the  one  here  (arrow),  were  rarely  found.  At  a  higher  magnification  (d).  the  cells  within  the  SG-like  regions 
resemble  their  counterpart.s  in  the  normal  SG.  However,  the  processes  lack  the  longitudinal  orientation  characteristic  of  the  normal  dorsal 
horn.  Magnification  bars  in  (a)  and  (b)  =  .50  /^m;  and  in  (c)  and  (d)  -  10  ^m. 
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single  or  multiple  patches  or  long  strips  of  neuropil  de¬ 
pending  upon  the  plane  of  section.  In  many  cases,  these 
regions  were  located  near  the  periphery  of  the  grafts 
(Fig.  lb):  however,  they  were  not  always  restricted  to  the 
margins  of  the  transplants,  as  some  myelin-free  areas 
were  located  more  centrally  (Fig.  le).  Myelinated  axons 
frequently  curved  along  the  surfaces  of  these  unstained 
regions,  and  in  some  cases,  a  few  anti-MBP-stained  pro¬ 
cesses  aversed  the  myelin-free  zones  in  a  radial  fash¬ 
ion,  reminiscent  of  the  pattern  of  myelinated  primary 
afferents  projecting  to  deeper  layers  of  the  gray  matter 
in  the  normal  spinal  cord  (Fig.  Ic). 

With  the  perspective  derived  from  MBP-stained 
grafts,  examination  of  toluidine  blue-stained  sections  of 
FSC  transplants  revealed  areas  that  appeared  to  corre¬ 
spond  with  the  MBP-free  regions.  These  2-nm  sections 
demonstrated  extensive  myelination  within  all  of  the 
grafts  St  ;died,  as  well  as  numerous  myelin-deficient  ar¬ 
eas  embedded  within  the  dense  matrix  of  myelinated  do¬ 
nor  tissue.  These  regions  developed  regardless  of 
whether  the  grafts  were  placed  into  intracerebral  or  in- 
traspinal  cavities  or  into  immature  or  mature  recipients. 

To  determine  whether  the  myelin-free  areas  identified 
in  various  grafts  by  immunohistochemistry  or  in  plastic 
thick  sections  were  indeed  equivalent,  one  specimen  was 
processed  so  that  for  each  MBP-stained  section  there 
was  an  adjacent  100-ftm  section  embedded  in  plastic.  In 
this  specimen,  ail  of  the  zones  that  failed  to  show  MBP 
immunoreactivity,  but  were  surrounded  by  myelinated 
fascicles,  were  closely  in  register  with  a  homogenous  un¬ 
myelinated  area  in  the  adjacent  toluidine  blue-stained 
section  (Figs,  le  and  If). 

Further  examination  of  these  regions  in  plastic  sec¬ 
tions  revealed  that  similarities  between  the  myelin-free 
areas  of  FSC  grafts  and  the  normal  superficial  dorsal 
horn  included  more  than  the  common  absence  of  my¬ 
elinated  fibers.  As  in  the  normal  substantia  gelatinosa 
(Figs.  2a  and  2c),  the  unmyelinated  zones  of  matured 
transplants  consisted  of  numerous  small  cells  (7-15  Min) 
having  a  rather  thin  rim  of  cytoplasm  surrounding  a 
prominent  nucleus.  The  nuclei  of  these  cells,  as  of  those 
in  the  normal  superficial  dorsal  horn,  were  round  or  oval 
and  often  exhibited  large  clefts  (cf.  Figs.  2c  and  2d). 
These  cells  differed  considerably  from  the  larger  neu¬ 
rons  (14-50  Min  in  diameter)  that  were  found  within  the 
myelinated  regions  of  the  transplants.  The  presence  of 
larger  neurons  within  the  unmyelinated  areas  was  very 
rare. 

In  contrast  with  the  fact  that  the  normal  SG  and  my¬ 
elin-free  graft  areas  shared  many  common  features, 


there  were  also  some  obvious  differences  in  the  distribu¬ 
tion  of  cells  and  neuritic  processes.  Whereas  in  the  in¬ 
tact  spinal  cord,  SG  neurons  can  be  differentiated  into 
two  layers  (i.e..  Hi  and  Ho,  Refs.  (34)  and  (49)),  no  obvi¬ 
ous  cytoarchitectural  lamination  was  seen  in  the  trans¬ 
plants.  It  was  interesting  to  note  that  some  of  the  larger 
cells  within  the  myelinated  regions  were  closely  apposed 
to  the  border  of  the  unmyelinated  zones.  These  general 
cellular  relationships  were  similar  to  the  approximat  ion 
of  lamina  Ill  and  IV  neurons  with  the  normal  SG.  In 
addition,  many  small,  circular  neuritic  profiles  were  seen 
in  transverse  sections  of  the  normal  SG,  thus  reflecting 
their  orientation  parallel  to  the  longitudinal  axis  of  the 
spinal  cord.  In  contrast,  the  neuritic  processes  in  the  my¬ 
elin-free  areas  of  the  grafts  seemed  more  randomly  orga¬ 
nized  with  many  longitudinally  sectioned  profiles  being 
seen. 

Electron  Microscopy 

Neurons  within  the  normal  substantia  gelatinosa  w  ere 
generally  spheroid  (Fig.  3a)  or  fusiform  (Fig.  3b)  in 
shape.  The  perikarya  ranged  from  8-20  ixxn  in  diameter, 
and,  as  seen  with  the  light  microscope,  they  usually  con¬ 
tained  a  large  nucleus  within  a  narrow  rim  of  cytoplasm. 
These  cells  were  embedded  in  a  neuropil  that  primarily 
consisted  of  tightly  packed  small,  unmyelinated  axons 
and  small  to  intermediate-sized  dendrites.  Nearly  all  of 
the  synapses  identified  within  the  SG  were  axodendritic 
in  nature  (Fig.  3b).  In  addition,  numerous  large  glomeru¬ 
lar  complexes  were  evident  in  these  normal  sections 
(Figs.  3a  and  3c). 

A  survey  of  the  unmyelinated  regions  within  FSC 
transplants  revealed  many  of  the  same  characteristics 
(Fig.  4).  The  neurons  in  these  areas  were  of  comparable 
size  and  contained  large  nuclei  with  prominent  indenta¬ 
tions.  The  cells  were  closely  spaced,  and  were  sur¬ 
rounded  by  compact  neuropil  consisting  of  small  axons 
(0.1-0.3  fim)  and  intermediate-sized  dendrites  (0.4-1. 6 
Mm).  Occasionally,  small  bundles  of  unmyelinated  pro¬ 
cesses  were  seen  which  resembled  the  fascicles  in  the 
normal  SG.  However,  most  of  the  axons  and  dendrites 
were  more  randomly  oriented.  Except  for  an  occasional 
swollen  neuritic  profile  containing  lysosomes  \nd  degen¬ 
erating  mitochondria,  axonal  and  dendritic  processes 
did  not  display  any  irregular  cytological  characteristics. 
In  a  few  transplants,  hypertrophic  astrocytic  processes 
were  observed  (Fig.  5b),  but  in  general,  fibrous  glial  pro¬ 
cesses  were  relatively  uncommon  in  both  the  normal  SG 
and  transplant  myelin-free  areas. 


FIG.  3.  Ultrastructure  of  the  normal  SG.  (a)  Transverse  .section  contains  a  neuronal  cell  body  (n)  and  the  compact  neuropil  containing 
abundant  axodendritic  synapses  (ad)  interspersed  with  longitudinal  bundles  of  unmyelinated  processes  (arrows).  These  fascicle.s  are  more 
difficult  to  discern  in  the  oblique  section  in  (b).  Large  glomerular  complexes  associated  with  primary  afferent  terminals  were  often  found  within 
these  regions  (large  arrowheads  in  (a),  also  (c)).  Filamentous  glial  processes  (*)  were  rarely  encountered  within  the  neuropil  of  these  normal 
specimens.  Magnification  bars  in  (a)  and  (b)  =  2..'>  am;  and  in  (c)  =  0..'>  urn. 
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normal  substantia  gelatinosa.  These  general  criteria, 
though  intriguing,  do  not  provide  sufficient  proof  of  the 
exact  nature  of  the  myelin-free  areas  in  the  grafts.  In 
this  context,  it  is  well  recognized  that  other  characteris¬ 
tics  make  this  region  distinct  from  the  rest  of  the  gray 
matter  in  the  intact  spinal  cord.  In  particular,  the  abun¬ 
dance  of  small  cells  led  Rexed  (43)  to  make  the  distinc¬ 
tion  of  lamina  II  of  the  cat  spinal  cord.  More  recent  stud¬ 
ies  of  the  ultrastructure  of  this  region  have  also  served 
to  define  the  types  of  processes  and  synaptic  profiles  that 
distinguish  the  substantia  gelatinosa  (lamina  II)  from 
the  surrounding  marginal  layer  (lamina  I)  and  nucleus 
proprius  (lamina  III)  (35, 50).  Additional  identifying  fea¬ 
tures  have  been  noted  through  the  use  of  immunocyto- 
chemical  techniques,  which  have  demonstrated  a  variety 
of  peptide-containing  cells  and  fibers  (reviewed  in  (17, 
22,  26,  44).  With  these  characteristic  cytological  and  im- 
munocytocheraical  features  as  a  basis  for  comparison, 
the  present  study  has  provided  additional  evidence  in 
support  of  the  organotypic  differentiation  of  substantia 
gelatinosa-like  regions  in  transplants  of  fetal  spinal  cord 
tissue.  In  FSC  transplants  examined  with  light  and  elec¬ 
tron  microscopy,  we  have  observed  cytological  and  ultra- 
structural  features  which  closely  resemble  those  found 
in  the  normal  SG.  In  addition,  a  major  finding  of  this 
study  is  the  demonstration  of  a  frequent  correspondence 
between  these  myolin  free  areas  and  regions  of  dense  im- 
munoreactivity  obtained  with  antibodies  to  several  pep¬ 
tides  which  are  normally  associated  with  the  substantia 
gelatinosa.  At  the  same  time,  we  have  noted  some  inter¬ 
esting  discrepancies  that  may  reflect  altered  develop¬ 
mental  mechanisms  following  transplantation,  as  well 
as  some  implications  of  how  these  grafts  may  be  used  to 
study  aspects  of  axonal  connectivity  in  relation  to  spinal 
cord  injury  and  repair. 

Myelin-Free  Areas  and  Peptidergic  Elements 

Using  antibodies  to  met-  and  leu-enkephalin,  neuro¬ 
tensin,  substance  P,  and  somatostatin,  we  have  noted  in 
mature  FSC  transplants  the  presence  of  defined  patches 
of  dense  immunoreactivity  which  resemble  staining  pat¬ 
terns  in  the  suoerficiai  dorsal  horn.  In  addition,  we  have 
identified  some  ENK-containing  cells  within  FSC  grafts 
both  with  and  without  colchicine  treatment. 

Similar  discreet  areas  of  dense  immunoreactivity  to 
anti-ENK  have  been  observed  in  previous  studies  of 
FSC  grafts  transplanted  in  oculo  (4),  and  a  more  compre¬ 
hensive  analysis  of  the  peptidergic  composition  of  these 
grafts  has  been  recently  reported  (20).  In  the  latter 
study,  comparisons  were  made  between  the  patterns  of 
immunoreactivity  to  eight  neuropeptides  in  FSC  grafts 
in  oculo  and  the  distribution  of  the  same  peptides  in  the 
normal  spinal  cord.  The  results  indicated  the  presence 
of  regions  of  dense  immunoreactivity  following  staining 
with  antibodies  to  peptides  intrinsic  to  the  SG,  and  fur¬ 


ther  revealed  some  degree  of  overlap  in  their  distribu¬ 
tions.  These  studies  by  Henschen  et  ai,  in  combination 
with  our  present  findings,  confirm  the  differentiation  of 
peptide-containing  regions  within  FSC  grafts.  The  cor¬ 
respondence  of  some  of  these  regions  with  myelin-free 
areas,  as  identified  with  anti-MBP  staining  in  this  study, 
further  underscores  the  proposed  homology  of  these  re¬ 
gions  with  the  substantia  gelatinosa. 

The  identification  of  these  myelin-free  regions  with 
antibody  staining  against  MBP  has  provided  the  basis 
for  a  comparison  of  the  patterns  of  peptide  staining  as 
they  relate  to  other  features  that  characterize  the  nor¬ 
mal  substantia  gelatinosa.  This  comparison  sets  the 
stage  for  further  studies  concerned  with  the  develop¬ 
ment  of  appropriate  synaptic  relationships  between  pep¬ 
tidergic  neurons  in  FSC  transplants. 

Developmental  Implications 

The  observation  that  fetal  spinal  cord  tissue  can  ex¬ 
hibit  some  degree  of  organotypic  development  is  consis¬ 
tent  with  other  studies  showing  that  transplants  of  em¬ 
bryonic  brain  regions  can  achieve  cytoarchitectural  and 
ultrastructural  characteristics  corresponding  to  those  of 
the  homologous  areas  in  the  intact  CNS  (e.g.  (2,  3,  24, 
25,  27)).  Fetal  spinal  cord  tissue  has  also  been  shown  to 
exhibit  some  cytoarchitectural  or  immunocytochemical 
characteristics  resembling  the  normal  dorsal  horn  when 
grown  in  tissue  culture  (30,  47)  or  in  oculo  (19).  In  this 
regard,  the  present  findings  also  show  that  the  differen¬ 
tiation  of  the  myelin-free  areas  occurs  irrespective  of  the 
graft  site  or  maturity  of  the  recipient  CNS. 

The  presence  of  a  dorsal  horn  component  in  FSC 
grafts  examined  in  this  study  may  be  related  to  the  de¬ 
velopmental  timing  of  this  region  of  the  spinal  cord.  Pre¬ 
vious  studies  of  spinal  cord  histogenesis  in  the  rat  (1, 33) 
have  indicated  that  there  is  a  peak  at  approximately  Eis- 
Eis  in  the  generation  of  neurons  which  ultimately  com¬ 
prise  the  dorsal  horn.  These  cells  then  migrate  with  the 
majority  of  neuroblasts  reaching  the  presumptive  dorsal 
horn  region  2  days  later.  The  maturation  of  the  SG-like 
areas  in  fetal  spinal  cord  grafts  must  therefore  occur  af¬ 
ter  transplantation,  since  donor  tissue  in  our  experi¬ 
ments  was  obtained  at  Eu-Eis.  These  considerations 
pertaining  to  cell  birthdates  ind  onset  of  migration  also 
suggest  that  the  clustering  oi  small  neurons  into  the  SG- 
like  regions  may  be  due  to  the  persistence  of  intrinsic 
recognition  cues  which  influence  the  aggregation  of 
these  cells  during  normal  development.  These  intrinsic 
cues  are  retained  whether  the  graft  is  placed  into  homo¬ 
topic  or  heterotopic  sites,  or  when  it  is  isolated  from  host 
afferent  inputs  in  situ  (intraspinal  isolates)  or  in  vitro. 

Anomalous  Features  of  the  Substantia 

Gelatinosa- Like  Regions 

While  many  features  of  the  myelin-free  regions  of 
FSC  grafts  reflect  a  homology  with  the  normal  SG,  it 
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must  be  emphasized  that  the  correspondence  was  not 
perfect.  Our  observations  have  also  identified  several  as¬ 
pects  of  these  areas  which  represent  a  departure  from 
the  normal  organization  of  the  mature  superficial  dorsal 
horn.  For  example,  the  myelin-free  graft  regions  lack  the 
precise  orientation  and  formation  of  a  dorsolateral  cap, 
the  parallel  longitudinal  arrangement  of  neuronal  oro- 
cesses,  and  the  definition  between  the  outer  md  inner 
layers  of  lamina  II  observed  in  the  normal  SG.  It  is  likely 
that  some  of  these  differences  are  related  to  specific  as¬ 
pects  of  the  grafting  procedure,  such  as  the  initial  orien¬ 
tation  of  the  graft  tissue,  donor  age,  and  changes  in  the 
precise  timing  of  developmental  cues  (24).  In  addition, 
the  topography  of  some  of  these  transplants  may  be  dis¬ 
torted,  and  therefore  contribute  to  the  organizational 
differences  observed.  The  differentiation  of  organotypic 
regions  within  an  abnormal  cytoarchitectural  frame¬ 
work  has  also  been  observed  in  other  types  of  fetal  CNS 
transplants  (e.g.  (29)). 

Another  factor  that  may  contribute  to  the  atypical 
features  observed  here  is  the  deafferented  state  of  the 
transplant.  As  noted  in  our  electron  microscopic  results, 
these  SG-like  graft  regions  lacked  the  synaptic  termi¬ 
nals  characteristic  of  primary  afferent  innervation,  and 
in  many  ways  resembled  the  ultrastructure  of  a  deaffer- 
ented  newborn  or  adult  dorsal  horn  (12,  23,  42).  In  addi¬ 
tion,  the  developing  grafts  may  also  be  lacking  any  de¬ 
scending  modulation  present  in  the  normal  spinal  cord. 
Therefore,  rather  than  being  indicative  of  aberrant  de¬ 
velopment,  the  atypical  features  recorded  may  instead 
reflect  the  normal  development  of  SG -regions  in  the  ab¬ 
sence  of  afferent  input.  Such  a  situation  would  not  only 
alter  the  patterns  of  migration  and  lead  to  cytoarchitec¬ 
tural  differences,  but  might  also  prevent  the  normal  ex¬ 
pression  of  neuropeptides  and  neurotransmitters. 

Along  these  lines,  we  also  noted  some  subtle  differ¬ 
ences  in  the  pattern  of  peptide  cell  staining  in  the  FSC 
grafts.  In  particular,  we  observed  neurotensin -like  cells 
and  fibers  throughout  the  transplant.  This  contrasts 
with  the  normal  spinal  cord,  in  which  NT-containing 
fibers  and  cells  are  found  only  in  the  superficial  dorsal 
horn  (45).  Similar  results  were  found  recently  with  re¬ 
gard  to  other  peptides  in  cortical  and  spinal  grafts  that 
developed  in  oculo  (16,  20).  Taken  at  face  value,  the  re¬ 
sults  seen  in  oculo  suggested  that  the  disturbed  patterns 
of  peptide  staining  might  be  attributed  to  the  isolation 
of  these  transplants  from  the  environment  of  the  CNS. 
However,  our  present  findings  indicate  that  some  alter¬ 
ations  in  peptide  expression  exist  even  in  well-inte¬ 
grated  grafts  grown  in  homotopic  locations  in  the  CNS. 

Implications  for  Repair 

The  functional  role  of  cells  in  the  mature  substantia 
gelatinosa  of  the  spinal  cord  is  a  topic  still  under  intense 
speculation  (reviewed  in  (11,  52)).  The  termination  of 


unmyelinated  primary  afferent  fibers  in  this  region  pro¬ 
vides  the  basis  for  theories  as  to  its  role  in  the  modula¬ 
tion  and  gating  of  pain  and  reflex  functions  (28,  52). 
Szentagothai  (50)  used  Golgi  stains  and  degeneration 
techniques  to  reveal  the  morphology  and  projection  pat¬ 
terns  of  SG  neurons,  and  proposed  that  the  SG  is  pri¬ 
marily  a  closed  system,  dominated  by  local  projection 
neurons  that  extend  no  more  than  two  or  three  seg¬ 
ments.  More  recent  evidence  obtained  with  axonal  trac¬ 
ing  techniques  has  shown  that  at  least  some  of  these  SG 
neurons  can  project  as  far  as  the  medulla  ( 18)  and  thala¬ 
mus  (53).  Therefore,  the  differentiation  of  SG  areas 
within  FSC  transplants  suggests  a  source  of  intrinsic 
modulatory  cells  as  well  as  some  projection  neurons  that 
may  play  a  role  in  the  formation  of  a  neural  relay  for 
somatosensory  information. 

It  is  not  known  which  region  of  the  embryonic  neu¬ 
roaxis  is  best  suited  to  restore  function  in  the  injured 
spinal  cord.  However,  successful  repair  of  damaged  neu¬ 
ral  networks  may  require  the  reconstruction  of  certain 
suprasegmental  and  intraspinal  circuits.  Our  recent 
studies  have  shown  that  in  some  instances,  homotopic 
grafts  are  innervated  in  varying  degrees  by  host  seroto¬ 
nergic  and  primary  afferent  fibers  (8,  38,  39,  51).  Both  of 
these  axonal  systems,  as  well  as  many  other  identifiable 
fiber  populations  normally  project  to  the  SG.  Because 
these  SG-like  areas  are  easily  identified  within  FSC 
transplants,  and  because  the  afferent  innervation  of  the 
normal  SG  is  well  characterized,  this  transplantation 
model  should  provide  a  valuable  opportunity  for  testing 
the  ability  of  host  axons  to  recoenize  regions  of  these 
grafts  with  similar  cytological  and  peptidergic  character¬ 
istics  to  the  SG  of  the  normal  spinal  cord.  Such  informa¬ 
tion  can  be  useful  in  further  understanding  the  potential 
of  the  grafts  to  reconstruct  specific  circuitries  in  the  in¬ 
jured  spinal  cord. 
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Introduction 

Transplants  of  embryonic  spinal  cord  have  been 
shown  to  survive  in  the  spinal  cord  of  adult  (Pate! 
and  Bernstein,  1983;  Reier  et  al.,  1986a)  and 
newborn  (Bregman  and  Reier,  1986)  host  rats  and 
to  develop  regions  that  resemble  the  substantia 
gelatinosa  of  normal  adult  spinal  cord  (Reier  et  al., 
1986b).  Homotopic  grafts  may  therefore  replace 
specific  circuits  and  eventually  provide  a  strategy 
for  repairing  the  damaged  spinal  cord.  In  order  to 
understand  the  mechanisms  by  which  transplants 
may  mediate  repair,  it  is  of  interest  to  determine 
whether  transplants  can  receive  projections  from 
neurons  that  terminate  in  normal  spinal  cord  and 
whether  the  targets  of  these  projections  resemble 
their  normal  counterparts.  The  central  processes  of 
dorsal  root  ganglion  (DRG)  neurons  offer  advan¬ 
tages  for  these  studies  since  their  terminations  in 
normal  spinal  cord  are  well  defined  and  readily 
traced  (Brown,  1981).  Not  only  is  the  anatomical 
organization  well  understood,  but  a  number  of 
transmitter-related  substances  have  been  identified 
in  at  least  one  part  of  the  gray  matter,  the  dorsal 
horn.  Since  DRG  cells  normally  project  to  the 
substantia  gelatinosa,  homotopic  grafts  provide  a 
target  for  these  axons.  Therefore,  regeneration  by 
primary  afferent  fibers  into  transplants  can  be 
demonstrated  because  specific  markers  exist  for 
subpopulations  of  DRG  neurons  and  these 
markers  disappear  from  normal  spinal  cord 
following  dorsal  rhizotomy  (Dodd  and  Jessell, 
1985).  Several  of  these  markers  such  as  substance 


P  and  somatostatin  derive  from  several  sources, 
but  one  of  these  markers  is  the  neuropeptide 
calcitonin  gene-related  peptide  (CGRP),  which  in 
the  dorsal  horn  originates  only  from  the  dorsal 
roots  (Gibson  et  al.,  1984). 

In  several  respects  the  potential  for  regeneration 
and  plasticity  of  DRG  neurons  resembles  that  of 
other  adult  mammalian  central  neurons.  !  )r  ex¬ 
ample,  following  axotomy  in  adults,  the  cut  dorsal 
roots  regenerate,  but  growth  into  the  spinal  cord  is 
abortive  (reviewed  in  Reier  et  al.,  1983;  Reier, 
1986).  Furthermore,  following  axotomy  of  adja¬ 
cent  dorsal  roots,  the  synaptic  terminals  of  spared 
dorsal  roots  show  changes  of  morphological 
plasticity  that  resemble  those  described  elsewhere 
in  the  CNS  (Murray  et  al.,  1987).  Whether  em¬ 
bryonic  spinal  cord  transplants  will  enhance  the 
regeneration  of  dorsal  roots  has  not  yet  been  deter¬ 
mined.  In  the  present  study  we  show  that  regenera¬ 
tion  occurs  and  that  CGRP-containing  axons  are 
among  those  that  regenerate. 

Materials  and  methods 

Sprague-Dawley  rats  (2(X)-300  g)  received  trans¬ 
plants  of  E14  or  E15  spinal  cord  at  the  level  of  the 
lumbar  enlargement  using  techniques  that  have 
been  described  (Reier  et  al.,  1986).  A  2-3  mm 
length  of  one  side  of  the  spinal  cord  was  resected, 
and  the  adjacent  dorsal  roots  were  sectioned.  The 
transplant  was  then  introduced  into  the  cavity,  the 
severed  dorsal  root  stumps  that  remained  attached 
to  the  DRGs  of  origin  were  juxtaposed  to  the 
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transplant,  and  the  wound  was  closed.  After  post¬ 
operative  survivals  of  two  to  nine  months,  dorsal 
roots  regenerating  into  transplants  were  labeled 
with  one  of  three  techniques.  The  original  wound 
was  reopened,  and  the  dorsal  roots  which  entered 
the  graft  were  identified.  The  roots  were  transected 
5-6  mm  from  the  insertion  site  and  labeled  with 
a  solution  of  10%  HRP  (horseradish  peroxidase) 
and  1%  WGA-HRP  (wheat  germ  agglutinin-con¬ 
jugated  horseradish  peroxidase)  using  a  method 
similar  to  that  described  by  Beattie  et  al.  (1978). 
After  24-48  h  survivals  the  animals  were  perfus¬ 
ed,  and  transplants  were  processed  for  HRP 
visualization  using  3,3'-diaminobenzidine  (DAB) 
as  the  chromagen  followed  by  cobalt  chloride  in¬ 
tensification  (Adams  1981)  or  using  the  tetra- 
methylbenzidine  (TMB)  protocol  of  Mesulam 
(1978). 

The  sciatic  nerve  ipsiiateral  to  the  transplant  was 
labeled  at  the  mid-thigh  level  with  an  intraneural 
injection  of  either  2%  WGA-HRP  or  0.75% 
cholera  toxin-conjugated  HRP  (CT-HRP)  using  a 
modification  of  the  method  described  by  Harrison 
et  al.  (1984).  After  48  h,  the  animals  were  perfus¬ 


ed,  and  transplants  were  processed  for  the 
visualization  of  HRP  according  to  the  TMB  pro¬ 
tocol  of  Mesulam  (1978). 

Host  rats  were  perfused,  and  cryostat  sections 
cut  at  15  liin  through  the  transplants  were  process¬ 
ed  on  slides  for  the  peroxidase-antiperoxidase 
method  (Siernberger,  1979)  u^ing  techniques 
previously  described  (Tessler  et  al.,  1980).  Primary 
antisera  raised  in  rabbits  against  human  CGRP 
were  obtained  from  Peninsula  Laboratories  (Bel¬ 
mont,  CA)  and  used  in  1  :  16  000  dilution.  An¬ 
tibody  specificity  was  verified  by  the  absence  of 
immunoreactive  elements  when  primary  antibody 
was  replaced  with  antiserum  preabsorbed  with  50 
/ig/ml  of  CGRP  or  with  CGRP  alone. 

Results 

Areas  of  apposition  developed  between  transplants 
and  host  dorsal  roots  and  spinal  cord.  However, 
the  continuity  between  host  dorsal  roots  and 
transplants  was  interrupted  by  glial  and  connective 
tissue  scarring  which  varied  in  intensity  not  only 


between  animals  but  also  in  difterent  areas  of  the 
same  interface. 

Anterograde  labeling  (injury  filling)  showed  that 
host  dorsal  ots  had  grown  into  ten  of  i.velve 
transplants  ^^adted  with  this  method  (F-'ig.  lA). 
Predominantly  small-  and  medium-caliber  dorsal 
root  a.xons  were  labeled.  They  penetrated  the 
grafts  as  far  as  3  mm  but  most  remained  within 
2  mm  of  the  dorsal  root-transplant  interface. 
Labeled  a.xons  did  not  grow  through  the  enure 
rostral-'.:audaI  extent  of  grafts  (approximately 
4  mm)  or  pass  through  the  transplant  to  enter  host 
spinal  cord  in  spite  of  the  areas  of  fusion  between 
transplants  and  host  .spinal  cord.  Within  the  grafts 
dilatations  occurred  along  he  labeled  a.xons.  and 
many  of  the  fibers  >;•  iwed  extensive  spray-like  ar¬ 
borizations  and  var  <ities  (Fig.  IB).  None  cf  the 
transplants  studied  vith  this  technique  showed 
retrograde  cell  body  labeling. 


Injecting  WCiA-HRP  or  CT-HKP  into  the 
sciatic  nerve  of  seven  host  rats  led  to  a  reaction 
product  in  transplants  consistcn,  wuh  trims- 
ganglionic  labeling  of  regenerated  dorsal  roots. 
The  reaction  pr  duct  appeared  primarily  as 
clusters  of  fine  anuies  and  less  often  as  in¬ 
dividual  fibers  (l  ig.  2).  This  label  generally  re¬ 
mained  close  to  the  dorsal  root-transplant  inter¬ 
face,  but  some  fibers  extended  for  at  least  1.5  mm 
sciihin  the  grafts.  Dorsal  roots  did  not  gross  across 
transplants  into  host  spinal  cord. 

In  two  recipients  with  tracer  injected  into  the 
sciatic  nerve  we  found  occasional  rctrogradels 
labeled  cells  wiihin  the  transplants  and  in  another 
two  recipients  we  found  a  few  retro-  '•adely  labeled 
cells  in  host  spinal  cord  contralateral  to  the 
transplants.  One  specimen  contained  both  types  ol 
labeled  neurons.  Cells  filled  within  transplants 
were  multipolar  neurons  measuring  up  to  37,5  gtn 


Fig,  I ,  Sagitial  seciion  of  an  embryonic  spinal  cord  transplant  in  adult  host  spinal  cord  two  monihs  after  iranspiantaium.  Host  dorsal 
roots  were  labeled  with  a  mi.xiure  of  HRP  and  VVGA-HRP  A.  Several  labeled  dorsal  roots  are  shown  fat  arrow  I  which  hasc 
regenerated  into  the  transplant,  x  109.  B.  Higher  magnification  view  oi  labeled  host  dorsal  roots  within  transplant  Nomarski  optics 
X  440.  Sections  countersiair. .d  with  neutral  red. 
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Fig,  2.  Darkfield  phoiomicrographs  of  transverse  sections 
through  a  fetal  spina!  cord  transplant  following  CT-HRP  injec¬ 
tion  into  ipsilateral  sciatic  nerve.  A,  This  photomicrograph 
shows  dorsal  root  regeneration  up  to,  but  not  within  the 
transplant.  Labeling  is  seen  in  the  dorsal  root  entry  zone,  but 
not  past  the  host-transplant  interface,  x  73,  B.  This 
photomicrograph  shows  regeneration  of  host  dorsal  roots  into 
the  transplant,  x  73. 


in  their  longest  dimension  and  were  located  m  the 
ventral  or  central  regions  of  the  gratis  (Fig.  2). 
Labeled  host  neurons  were  located  ventrolateral  to 
the  central  canal  in  laminae  VIIl  and  .X  of  Rexed 
and  included  multipolar  ceils  measuring  up  to  27.5 
gm  in  their  longest  dimension. 

CGRP  immunoreactive  fibers  entered  the 
transplants  from  the  host  dorsal  root,  arbori/cd 
extensively,  and  displayed  varicosities  along  their 
length  (Fig.  3).  They  were  present  in  the  six  cases 
studied.  .Most  were  clustered  within  1  mm  of  the 
dorsal  root-transplant  interface,  but  some 
penetrated  more  deeply,  and  occasional  processes 
traversed  the  entire  dorsal-ventral  extent  of  the 
transplant  (1-2  mm),  immunoreactive  fibers  ex¬ 
tended  up  to  to  3  mm  in  the  rostral-caudai  plane. 
Occasional  perikarya  staining  for  CGRP  was 
found  in  the  grafts  but  only  rarely  in  the  regions  of 
the  fibers. 

Discus.sion 

Regeneration  appears  to  depend  on  an  interaction 
between  the  injured  axon’s  intrinsic  capacity  to 
regrow  and  the  environment  in  which  the  regrowth 
must  occur.  Some  axons  regenerate  even  within  the 
generally  unfavorable  context  of  the  mammalian 
central  nervous  system  (CNS)  (Kawaguchi  et  al.. 
1986).  Other  central  neurons  do  not  ordinarily 
regenerate,  but  regrowth  of  their  a.xons  can  be  pro¬ 
moted  by  grafts  of  peripheral  (Aguayo,  1985)  or 
fetal  CNS  (reviewed  in  BJorklund  and  Sienevi, 
1984)  tissue.  Exposed  to  the  same  type  of  graft, 
however,  populations  of  neurons  differ  in  their 
regenerative  capacity  (Aguayo,  1985),  suggesting 
that  some  central  neurons  may  be  extremelv 
limited  in  their  ability  to  regrow  or  that  the  condi¬ 
tions  necessary  to  elicit  their  growth  are  not  pro¬ 
vided  by  the  usual  grafts.  Understandng  the  extent 
to  which  regeneration  is  limited  by  the  metabolic 
features  of  neurons  themselves  (Skene  and 
Willard,  1981;  Barron  1983)  and  the  conditions 
necessary  to  stimulate  growth  are  fundamental  to 
efforts  to  promote  regeneration  within  the  damag¬ 
ed  CNS. 

DRG  neurons  provide  a  single  system  in  which 
many  of  these  questions  can  be  investigated.  The 
transected  peripheral  processes  of  these  neurons 
readily  regenerate.  The  severed  central  processes 
also  regenerate,  but  only  within  the  peripheral  por- 


tion  of  the  dorsal  root,  and  not  into  the  spinal  cord 
(Stensaas  et  al.,  1979;  Bignami  et  al.,  1984). 
Failure  to  enter  the  spinal  cord  therefore  appears 
to  be  limited  by  the  environment  at  the  dorsal  root 
entry  zone  rather  than  by  the  inherent  inability  of 
the  axons  to  regrow  (reviewed  in  Reicr  et  al.,  1983; 
Reier,  1986).  Although  the  transplant  may  act  by- 
enhancing  the  regenerative  vigor  of  the  cell,  thus 
allowing  the  growing  axons  to  penetrate  the  dorsal 
root-spinal  cord  interface,  the  present  results  fur¬ 
ther  emphasize  the  importance  for  regeneration  of 
influences  extrinsic  to  the  neuron  by  showing  that 
dorsal  roots  regrow  into  transplants  of  embryonic 
spinal  cord.  Tracing  methods  which  used  trans- 
ganglionic  transport  of  HRP  applied  to  the  sciatic 
nerve  and  anterograde  transport  of  HRP  applied 
to  the  dorsal  roots  revealed  host  dorsal  roof  af- 
ferents  that  had  penetrated  into  the  grafts. 
Moreover,  dorsal  root  afferent  fibers  labeled 
within  transplants  by  anterograde  or  trans- 
ganglionic  transport  were  similar  morphologically 
to  dorsal  root  afferents  in  normal  spinal  cord 
labeled  by  these  techniques  (Beattie  et  al.,  1978; 


Abrahams  and  Swett,  1986).  These  results  can  be 
interpreted  in  several  ways:  (1)  that  the  imma  ure 
environment  is  more  permissive  of  regrowth  than 
the  adult  and/or  (2)  it  is  more  capable  of  enhanc¬ 
ing  the  regenerative  response  of  injured  neurons. 

DRG  neurons  have  been  classified  into 
subgroups  based  on  criteria  such  as  size  and  im- 
munocytochcmical  staining  characteristics  (sum¬ 
marized  in  Dodd  and  Jcsscll,  1985).  These 
subgroups  may  differ  in  their  capacity  to 
regenerate  or  in  the  vigor  of  their  response  to  the 
conducive  environment  or  the  stimulation  provid¬ 
ed  by  a  transplant.  The  potential  for  plasticity  of 
subclas.ses  of  uninjured  DRG  neurons  has  already 
been  shown  to  vary  (Mendell  et  al.,  1987).  Our 
results  using  a  marker  specific  for  a  population  of 
small-  and  medium-sized  DRG  neurons  show  that 
dorsal  root  cells  immunoreactive  f  ■  CGRP  arc 
among  those  which  regenerate  into  ti  .nsplants.  In¬ 
deed  the  extent  of  regeneration  demonstrated  by 
neurons  with  this  immunocytochemical  label  ex¬ 
ceeds  that  shown  by  either  method  that  depends  on 
the  axonal  transport  of  HRP. 
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ABSTRACT 

Transplants  of  the  embryonic  rat  spinal  cord  survive  and  differentiate 
in  the  spinal  cords  of  adult  and  newborn  host  rats.  Very  little  is  known  about 
the  extent  to  which  these  homotopic  transplants  can  provide  an  environment 
for  regeneration  of  adult  host  axons  that  normally  terminate  in  the  spinal 
cord.  We  have  used  horseradish  peroxidase  injury  filling  and  transganglionic 
transport  methods  to  determine  whether  transected  dorsal  roots  regenerate 
into  fetal  spinal  cord  tissue  grafted  into  the  spinal  cords  of  adult  rats. 
Additional  transplants  were  examined  for  the  presence  of  calcitonin  gene- 
related  peptidelike  immunoreactivity,  which  in  the  normal  dorsal  horn  is 
derived  exclusively  from  primary  afferent  axons.  Host  animals  had  one  side 
of  the  L4-5  spinal  cord  resected  and  replaced  by  a  transplant  of  E14  or  E15 
spinal  cord.  Adjacent  dorsal  roots  were  sectioned  and  juxtaposed  to  the  graft, 
"nie  dorsal  roots  and  their  projections  into  the  transplants  were  then  labeled 
2-9  months  later.  The  tracing  methods  that  used  transport  or  diffusion  of 
horseradish  peroxidase  demonstrated  that  severed  host  dorsal  root  axons 
had  regenerated  and  grown  into  the  transplants.  In  addition,  some  donor 
and  host  neurons  had  extended  their  axons  into  the  periphery  to  at  least  the 
midthigh  level  as  indicated  by  retrograde  labeling  following  application  of 
tracer  to  the  sciatic  nerve.  Primary  afferent  axons  immunoreactive  for 
calcitonin  gene-related  peptide  were  among  those  that  regenerated  into 
transplants,  and  the  projections  shown  by  this  immunocytochemical  method 
exceeded  those  demonstrated  by  the  horseradish  peroxidase  tracing  tech¬ 
niques.  Growth  of  the  host  dorsal  roots  into  transplants  indicates  that  fetal 
spinal  cord  tissue  permits  regeneration  of  adult  axotomized  neurons  that 
would  otherwise  be  aborted  at  the  dorsal  rooVspinal  cord  junction.  This 
transplantation  model  should  therefore  prove  useful  in  studying  the  en¬ 
hancement  and  specificity  of  the  regrowth  of  axons  that  normally  terminate 
in  the  spinal  cord. 

Key  words;  fetal  spinal  cord  transplants,  dorsal  root  ganxlion  neurons,  horseradish 
peroxidase,  anterograde  transport,  transganglionic  transport, 
calcitonin  gene-related  peptide,  immunocytochemistry 


Fetal  spinal  cord  transplants  have  been  shown  to  grow 
and  differentiate  in  the  damaged  spinal  cords  of  newborn 
(Bregman  and  Reier,  ’86)  and  adult  (Patel  and  Bernstein, 
'83;  Reier  et  al.,  ’86a,b)  rats  where  such  homotopic  grafts 
can  also  integrate  with  the  neuropil  of  the  host  spinal  cord 
(Reier  et  al.,  ’86b).  Whereas  homotopic  intraspinal  grafts 
can  establish  cellular  bridges  conducive  to  the  regrowth  of 
lesioned  host  axons  in  neonatal  recipients  (Bregman  and 
Reier,  '86;  Bregman,  ’87a,b),  the  extent  to  which  these 


transplants  support  regeneration  of  adult  host  axons  is  still 
uncertain.  It  also  remains  to  be  determined  whether  fetal 
spinal  cord  tissue  can  reconstruct  damaged  intraspinal  cir- 
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cuits  by  providing  suitable  targets  for  axons  that  normally 
terminate  in  the  spinal  cord. 

The  central  processes  of  dorsal  root  ganglion  neurons 
provide  a  particularly  attractive  model  for  studies  of  this 
sort.  First,  the  intraspinal  terminal  distributions  (Brown, 
'81;  Ralston  et  al.,  '84;  Sugiura  et  al,  ’86).  immu.nocyto- 
chemical  staining  properties  (reviewed  in  Dodd  and  Jessell, 
’85),  and  neurophysiology  (reviewed  in  Brown  and  Rethelyi, 
’81)  of  primary  afferent  neurons  have  been  characterized 
extensively.  Second,  the  regenerative  capacity  of  these  ax¬ 
ons  has  been  investigated  in  considerable  detail.  After  axo- 
tomy  the  cut  central  processes  of  adult  dorsal  root  ganglion 
neurons  regenerate  along  the  degenerated  dorsal  root,  but 
their  elongation  into  the  spinal  cord  is  aborted  as  they 
approach  the  dorsal  root  entiy  zone  (reviewed  in  Reier  et 
a!.,  ’83;  Reier,  ’86;  see  also  Liuzzi  and  Lasek,  ’87b).  In  this 
respect,  dorsal  roots  behave  like  other  adult  mammalian 
central  axons  (Cajal,  ’28).  Finally,  grafts  of  embryonic  spinal 
cord  develop  differentiated  regions  that  resemble  the  super¬ 
ficial  dorsal  horn  of  normal  adult  spinal  cord  (Reier  et  al., 
’86a,b).  Since  this  area  normally  receives  extensive  inner¬ 
vation  from  dorsal  root  axons,  it  may,  when  grafted  into 
adult  spinal  cord,  provide  a  target  for  regenerating  primary 
afferents. 

It  is  presently  unknown,  however,  whether  the  cut  cen¬ 
tral  processes  of  host  dorsal  root  ganglion  neurons  will 
regenerate  into  transplants  of  embryonic  spinal  cord  and, 
if  so,  whether  they  will  differentiate  and  contain  normal 
markers.  We  have  therefore  used  neuroanatomical  tracing 
methods  to  determine  whether  transected  primary  afferent 
axons  have  the  capacity  to  regenerate  into  homotopic  grafts 
placed  at  lumbar  spinal  levels  in  adult  hosts.  We  have  also 
studied  whether  regenerating  axons  of  dorsal  root  ganglion 
neurons  are  immunoreactive  for  calcitonin  gene-related 
peptide  (CGRP),  a  specific  marker  for  primary  afferent  ax¬ 
ons  that  terminate  in  the  normal  dorsal  horn  (Gibson  et  al., 
’84).  The  results  indicated  that  severed  dorsal  roots  entered 
the  grafts  and  that  some  of  the  regenerating  axons  were 
immunoreactive  for  CGRP. 

MATERIALS  AND  METHODS 
Surgery 

Sprague-Dawley  (Zivic  Miller,  Allison  Park,  PA)  rats  of 
either  sex  and  weighing  200-300  g  served  as  graft  recipi¬ 
ents.  The  animals  were  anesthetized  with  Ketamine  (60 
mg/kg)  and  Xylazine  (10  mg/kg)  and  underwent  laminecto¬ 
mies  of  the  T13  and  Ll  vertebrae  in  order  to  expose  the 
lumbar  enlargement.  The  surrounding  meninges  were  in¬ 
cised  dorsally  at  the  midline,  and  a  2-3  mm  length  of  one 
side  of  the  spinal  cord  was  removed  by  sharp  dissection  and 
aspiration.  Adjacent  dorsal  roots  were  sectioned  and  re¬ 
flected  back  from  the  lesion.  Segments  of  spinal  cord  ap¬ 
proximating  the  length  of  each  intraspinal  cavity  were 
removed  from  E14  or  E15  Sprague-Dawley  rat  fetuses  and 
then  introduced  into  the  lesion  using  procedures  for  donor 
tissue  preparation  and  grafting  previously  described  (Reier 
et  al.,  ’86a).  The  severed  dorsal  root  stumps  that  remained 
attached  to  the  dorsal  root  ganglia  of  origin  were  juxta¬ 
posed  to  the  transplant.  Roots  were  anchored  by  placing  a 
strip  of  hydrocephalus  shunt  film  (Durafilm,  Codman  Surt- 
ief,  Inc.)  beneath  the  dura  and  over  the  lesion  cavity.  The 
dural  incision  was  then  clo-sed  with  interrupted  lO-O  silk 
.sutures,  and  another  piece  of  Durafilm  was  placed  on  top  of 
the  dura.  The  superficial  wound  was  then  closed  in  layers. 


Labeling  .Methods 

Dorsal  root  labeling.  Two  to  9  months  after  transplan¬ 
tation,  recipients  were  anesthetized  with  Ketamine  and 
Xylazine  as  described  above.  The  original  wound  was  reex¬ 
posed,  and  the  dorsal  roots  inserted  into  the  graft  site  were 
identified.  Using  a  method  similar  to  that  described  by 
Beattie  et  al.  (’78),  these  roots  were  then  transected  5-6 
mm  from  the  insertion  site,  the  spinal  cord  was  covered 
with  parafilm,  and  the  cut  central  ends  of  the  rootlets  were 
placed  into  the  end  of  a  disposable  micropipet  that  con¬ 
tained  a  solution  of  W9r  HRP  (horseradish  peroxidase)  and 
IV(  WGA-HRP  (wheat-germ  agglutinin-conjugated  horse¬ 
radish  peroxidase)  for  at  least  1  hour.  The  exposure  site 
was  then  covered  with  mineral  oil  and  the  wound  closed. 
The  animals  were  deeply  anesthetized  with  Nembutal  (40 
mg/kg)  24-48  hours  later  and  perfused  transcardially  with 
100-150  ml  of  physiological  saline  followed  by  300-500  ml 
of  a  solution  of  2.5‘7(  glutaraldehyde-l'7t  paraformaldehyde 
in  O.I  M  phosphate  buffer.  Transplants  were  removed  im¬ 
mediately,  cut  into  .segments  of  4-5  mm  in  length,  and 
sectioned  at  40  gm  thickness  on  a  Vibratome  in  either  a 
sagittal  or  transverse  plane.  The  sections  from  each  sp>eci- 
men  were  divided  into  two  groups;  one  set  was  processed 
for  HRP  visualization  using  3,3'-diaminobenzidine  (DAB) 
as  the  chromagen  followed  by  cobalt  chloride  intensifica¬ 
tion  (Adams,  ’81);  the  other  was  processed  according  to  the 
tetramethylbenzidine  (TMB)  protocol  of  Mesulam  (’78). 

Sciatic  nerve  labeling.  Two  to  9  months  after  transplan¬ 
tation,  the  sciatic  nerve  ipsilateral  to  the  transplant  was 
labeled  with  an  intraneural  injection  of  either  WGA-HRP 
or  cholera  toxin-conjugated  HRP(CT  HRP).  WGA-HRP  was 
conjugated  according  to  the  method  described  by  Mesulam 
(’82)  using  Sigma  Type  VI  HRP  and  Sigma  WGA.  CT-HRP 
was  conjugated  following  the  same  protocol  using  Sigma 
Type  VI  HRP  and  Sigma  CT. 

Using  a  modification  of  the  method  described  by  Harrison 
et  al.  (’84),  the  nerve  was  exposed  at  the  midthigh  level, 
freed  from  connective  tissue,  and  loosely  tied  w-ith  a  liga¬ 
ture  of  4-0  silk.  A  1-2  mm  length  of  nerve  was  then  crushed 
with  a  jeweler’s  forceps  10  mm  proximal  to  the  ligature.  A 
total  of  8-10  fi\  of  0.75%  CT-HRP  or  2%  WGA-HRP  was 
then  injected  over  a  10-second  period  into  the  center  of  the 
nerve  segment  between  the  crush  and  ligature  using  a  10- 
/tl  Hamilton  syringe  with  a  26-gauge  needle.  After  with- 
draw'ing  the  needle,  the  ligature  was  tightened  and  the 
nerve  cut  distal  to  the  ligature. 

After  48  hours,  the  animals  were  deeply  anesthetized 
with  Nembutal  (40  mg/kg)  and  perfused  transcardially  with 
an  initial  flush  of  warm  saline  containing  4  ml  of  30%  H-^O-^ 
per  liter  followed  by  500  ml  of  chilled  fixative  composed  of 
3%  paraformaldehyde  in  0.1  M  phosphate  buffer  (pH  7.4) 
over  20  minutes.  The  fixative  was  replaced  by  successive 
perfusions  with  10%,  20%,  and  30%  solutions  of  sucrose  in 
0.1  M  phosphate  buffer  (pH  7.4). 

The  transplant  and  the  L4  and  L5  dorsal  root  ganglia 
ipsilateral  to  the  injection  were  removed  and  stored  at 
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overnight  in  30%  sucrose.  Transverse  sections  (40  ^ni  thick) 
through  the  transplant  and  longitudinal  sections  through 
the  dorsal  root  ganglia  were  cut  on  a  sliding  microtome  and 
processed  for  the  visualization  of  HRP  according  to  the 
TMB  protocol  of  Mesulam  (’78). 

CGRP  immunocytochemistty.  Two  to  9  months  after 
transplantation,  host  rats  were  deeply  anesthetized  with 
Nembutal  (40  mg/kg)  and  perfused  through  the  heart  with 
normal  saline  followed  by  4%  paraformaldehyde  or  4% 
paraformaIdehyde-0.1%  glutaraldehyde  in  0.1  M  phosphate 
buffer  pH  7.4.  Spinal  segments  that  contained  transplants 
were  removed  and  embedded  in  paraffin  or  sectioned  on  a 
cryostat  and  mounted  on  subbed  slides.  Sections  to  be  ex¬ 
amined  for  CGRP  were  prepared  for  the  immunocytochem- 
ical  labeling  procedure  and  for  examination  by  light 
microscopy  using  methods  that  have  been  described  previ¬ 
ously  (Sternberger,  ’79;  Tessler  et  al.,  ’80).  All  sections  were 
studied  for  the  presence  and  distribution  of  CGRP,  and 
representative  samples  were  drawn  or  photographed. 

Primary  antisera  raised  in  rabbits  against  human  CGRP 
were  obtained  from  Peninsula  Laboratories  (Belmont,  CA) 
and  used  in  1:16,000  or  1:18,000  dilution.  Antibody  specific¬ 
ity  was  verified  by  the  absence  of  immunoreactive  elements 
when  primary  antibody  was  replaced  with  antiserum 
preabsorbed  with  50  /ig/nil  of  CGRP  or  CGRP  alone. 

RESULTS 
General  histology 

A  total  of  29  recipients  with  surviving  transplants  and 
satisfactorily  labeled  dorsal  roots  were  examined  in  this 
study.  When  spinal  cords  were  dissected  at  autopsy  under 
an  operating  microscope,  the  inserted  dorsal  roots  were 
found  to  be  in  continuity  with  the  transplants,  which  often 
filled  the  entire  lesion  cavity  and  abutted  the  exposed  ven¬ 
tral  quadrants  of  the  adjacent  rostral  and  caudal  segments 
of  the  host  spinal  cord. 

Subsequent  light  microscopic  examination  of  these  speci¬ 
mens  in  Nissl-stained  material  confirmed  that  areas  of  fu¬ 
sion  had  developed  between  transplants  and  dorsal  roots 
(Fig.  la,b),  as  well  as  between  the  grafts  and  the  host  spinal 
cord  (Fig.  2;  see  also  Fig.  4b).  The  interfaces  between  trans¬ 
plants  and  the  inserted  host  dorsal  roots  could  easily  be 
recognized  (Fig.  lb).  The  zone  of  apposition  was  clearly 
recognizable  because  of  the  striking  contrast  in  cell  density 
between  the  numerous  closely  packed  cells  that  were  pres¬ 
ent  within  the  nerve  roots  and  the  more  loosely  cellular 
fetal  spinal  cord  graft  to  which  the  roots  extended.  As  is 
characteristic  of  the  normal  dorsal  root  entry  zone,  the 
transition  betwen  the  inserted  dorsal  roots  and  fetal  grafts 
featured  an  interdigitation  of  peripheral  and  central  tissue 
(Fig.  la,b;  see  also  Fig.  4b),  which  consisted  of  an  apparent 
extension  of  narrow  cellular  columns  into  the  fetal  spinal 
cord  grafts.  In  the  majority  of  specimens  studied,  a  zone  of 
glial  and  connective  tissue  scarring  could  also  be  demon¬ 
strated  that  partially  interrupted  the  continuity  between 
dorsal  root  and  transplant.  Such  scarring  was  more  pro¬ 
nounced  in  some  animals  than  in  others  and  also  varied  in 
intensity  in  different  areas  of  the  same  graft.  The  grafts 
extended  for  approximately  4  mm  rostracaudally. 

Introduction  of  tracer  into  host  dorsal  roots 

Anterograde  labeling  (i.e.,  injury  filling)  of  the  host  dorsal 
roots  with  HRPAVGA-HRP  demonstrated  that  primary  af¬ 
ferent  fibers  had  grown  into  fetal  spinal  cord  grafts  in  10  of 
the  12  hosts  examined  with  this  labeling  procedure.  There 


was,  however,  con-siderable  interanimal  variability  in 
the  relative  density  of  the  labeling;  in  two  transplants, 
dorsal  root  ingrowth  was  particularly  robust  (Fig.  3), 
whereas  penetration  into  the  graft  was  very  modest  in 
three  others.  An  intermediate  extent  of  ingrowth  was  ob 
served  in  the  remaining  five  animals.  A  dcr.,Mi  scar  com¬ 
pletely  encapsulated  the  inserted  dorsal  roots  in  the  two 
animals  with  well-labeled  axons  but  without  innervation  of 
the  transplants. 

Predominantly  small-  and  medium-caliber  HRP-filled  ax¬ 
ons  entered  the  grafts,  and  these  appeared  to  have  grown 
through  areas  of  the  dorsal  root-transplant  interface  that 
lacked  a  dense  scar  or  where  blood  vessels  had  penetrated 
the  grafts  (Fig.  2a).  Dilatations  occurred  along  the  course  of 
the  labeled  axons,  and  many  of  the  fibers  showed  extensive 
spraylike  arborizations  and  varicosities  within  the  trans¬ 
plants  (Fig.  2b.c),  particularly  in  areas  that  contained  ag¬ 
gregates  of  neuronal  cell  bodies  (Fig.  2c).  Only  elongated 
unbranched  profiles  were  observed  in  regions  of  the  trans¬ 
plants  in  which  neuronal  cell  bodies  were  sparse. 

Some  axons  penetrated  as  far  as  3  mm,  but  most  of  the 
labeled  dorsal  root  fibers  in  the  grafts  were  located  within 
2  mm  of  the  root/graft  junction.  None  of  the  labeled  axons 
grew  through  the  entire  rostrocaudal  length  of  the  grafts, 
which  extended  for  approximately  4  mm.  Consequently  no 
HRP-labeled  axons  advanced  into  the  neighboring  host 
spinal  cord  even  though  donor  tissue  was  often  fused  both 
rostrally  and  caudally  with  lesioned  surfaces  of  the  host 
ventral  gray  matter. 

Although  tracer  was  applied  to  host  dorsal  roots  within 
5-6  mm  of  the  grafts,  no  cell  body  labeling  was  observed  in 
any  of  the  transplants. 

CGRP  immunocytochemistry 

CGRP  staining  was  present  in  the  nine  grafts  studied 
although  the  amount  of  ingrowth  varied  among  transplants 
and  in  different  areas  of  the  same  transplant.  Primary 
afferent  axons  containing  CGRP  coursed  longitudinally 
within  dorsal  roots  that  had  been  inserted  into  the  fetal 
spinal  cord  grafts,  and  many  of  these  axons  could  be  traced 
extending  into  the  donor  neuropil  (Fig.  4a,b>.  Some  of  these 
axons  appeared  to  enter  the  grafts  via  longitudinally  ori¬ 
ented  fingers  of  peripheral  tissue  at  the  newly  established 
PNS-CNS  transition  zone  (Fig.  4a,b).  CGRP-immunoreac 
tive  processes  arborized  extensively  within  the  grafts  and 
showed  varicosities  along  their  length  (Fig.  4a, b).  The  den¬ 
sest  staining  was  found  within  1  mm  of  the  dorsal  root- 
transplant  interface.  Some  fibers  penetrated  more  deeply 
(Fig.  4a),  and  occasional  processes  extended  across  the  en¬ 
tire  dorsal -ventral  extent  of  the  transplant  (1-2  mm)  and 
could  be  seen  near  the  host  spinal  cord-graft  interface.  In 
the  rostral-caudal  plane  immunoreactive  fibers  were  traced 
for  up  to  3  mm.  Parts  of  the  transplant  more  than  3  mm 
from  an  ingrowing  dorsal  root  as  well  as  regions  close  to  a 
dorsal  root  that  failed  to  penetrate  the  host-transplant  in- 


Fig.  2.  Sagittal  section  through  area  of  embryonic  spina)  cord  graft  2 
n\onths  after  transplantation.  Host  dorsal  roots  were  labeled  with  a  mixture 
of  HRP  and  WGA-HRP.  (a)  Labelled  dorsal  roots  larrowi  are  shown  that 
have  regenerated  into  the  graft  (TP),  but  not  into  host  spma)  cord  iH).  An‘a 
indicated  by  asterisk  is  shown  at  greater  magnification  »n  b.  Bar  -  100  nm 
(b>  fvabe)ed  regenerated  axons  cross  the  dorsal  root  entr>^  zone  and  arborize* 
within  the  transplant.  Bar  -  100  (cl  Higher  magnification  showing 
fine  detail  of  the  arborization  of  another  labeled  axon  within  the  transplant. 
Nomarski  optica,  bar  -  l00>im. 
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Fill  5  Transverse  section  through  an  area  of  embryonic  spinal  cord  graft 
!  months  after  transplantation  into  host  spinal  cord.  Host  sciatic  nerve  was 
nw-ctcd  with  WGA  HKP.  (a)  Bnghtfieid  photomicrograph  of  a  cresyl  violet 
stained  section  showing  relationship  of  fetal  transplant  (TPl  to  host  dorsal 
roots  (Rl  and  host  spinal  cord  (Hi.  Arrow  indicates  host  transplant  intcrtace. 


Bar  =  100  pm.  (b)  Photomicrograph  of  an  adjacent  section  using  darkfield 
illumination  to  show  labeled  dorsal  roots  iR)  and  labeled  ftbers  throughou 
the  graft  'TP)  Arrow  indicates  transplant  interface  with  host  (Hi  spinal 
cord.  Bar  —  lOO  tim. 


terface  had  few  or  no  processes  positive  for  CGRP-like  stain¬ 
ing.  Occasional  perikarya  staining  for  CGRP  were  found  in 
the  grafts  but  rarely  in  the  regions  of  the  fibers. 

Injection  of  tracer  into  host  sciatic  ner\'e 

Injections  of  WGA-HRP  or  CT-HRP  into  the  sciatic  nerves 
of  seven  graft  recipients  led  to  extensive  labeling  of  the 
inserted  dorsal  roots  prior  to  their  entry  into  the  trans¬ 
plants  and  to  a  granular  andy'or  fibrous  staining  product  in 
the  neuropil  of  the  transplants.  In  these  preparations  no 
labeled  dorsal  root  fibers  extended  across  transplants  into 
adjacent  host  gray  matter. 

Ti’ansganglionic  labeling  of  regenerated  dorsal  roots  ap¬ 
peared  primarily  as  clusters  of  fine  granules  and  less  often 
as  individual  fibers  (Figs.  5,  6).  Such  labeling  was  densest 
in  zones  close  to  the  dorsal  roots-grafl  apposition  sites,  but 
some  longitudinal  axonal  profiles  extended  for  at  least  1.5 
mm  within  the  depth  of  the  grafts  (Fig.  5). 

In  contrast  to  the  results  obtained  with  the  injury  filling 
technique,  injection  of  WGA-HRP  and  CT-HRP  into  the 
sciatic  nerve  also  demonstrated  retrograde  neuronal  label¬ 
ing  within  grafts  of  two  of  the  seven  recipients  (Fig.  6). 
These  cells  were  multipolar  neurons  that  measured  from 
22.5-37.5  (im  in  longest  diameter  with  their  perikarya  po¬ 
sitioned  either  in  the  ventral  or  more  central  regions  of  the 
transplants.  In  some  cases  the  processes  of  these  cells 
branched  extensively  within  the  grafts. 

In  one  animal  with  WGA-HRP  and  one  animal  with  CT- 
HRP  injected  into  the  sciatic  nerve,  a  few  retrogradely 
labeled  neurons  were  observed  in  the  host  gray  matter 
adjacent  to  the  transplant  (Fig.  6).  The  animal  injected  with 
''T  HRP,  which  demonstrated  labeled  neurons  in  host  spinal 
cord,  also  had  labeled  neurons  within  the  transplant.  La¬ 
beled  host  neurons  were  located  ventrolateral  to  the  central 
canal  in  laminae  VIII  and  X  of  Rexed  and  included  multi¬ 
polar  neurons  measuring  22.5-27.5  gm  in  longest  diameter. 

DISCUSSION 

Following  axotomy,  the  cut  central  processes  of  adult 
mammalian  dorsal  root  ganglion  neurons  regenerate  vig¬ 
orously,  but  only  in  the  dorsal  root  (Stensaas  et  al.,  ’79; 
Bignami  et  al.,  "841.  As  the  regenerating  fibers  approach 
the  dorsal  root  entry  zone  of  the  spinal  cord,  their  elonga¬ 
tion  ceaises  (Stensaa.s  et  al.,  '79;  Bignami  et  al.,  ’84),  and 
few  if  any  regenerating  axons  reenter  the  spinal  cord.  This 
failure  to  advance  more  centrally  has  been  attributed  to 
the  inhibitory  effects  of  astrocytes  at  the  PCS-CNS  transi¬ 
tion  zone  rather  than  to  an  intrinsic  inability  of  these  axons 
to  regrow  (reviewed  in  Reier  et  al.,  ’83;  Reier,  '86;  Liuzz; 
and  Lasek,  ’87a). 

The  results  of  the  pre.sent  study,  which  demonstrate  re¬ 
generation  of  adult  host  dorsal  roots  into  transplants  of 
embryonic  spinal  cord,  further  emphasize  the  importance 
of  extrinsic  influences  on  the  regenerative  behavior  of  ma¬ 
ture  CNS  axons.  Apparently  the.se  axons  have  a  greater 
capacity  for  growth  within  the  environment  of  fetal  spinal 
cord  tissue  than  they  do  in  mature  spinal  cord.  That  im¬ 
mature  CNS  tissue  enhances  the  elongation  of  these  axons 
ha.s  al.so  been  recently  illustrated  in  the  neonatal  rat  spinal 
cord  (Carlstedt  et  al..  ’87).  In  that  study  primary  afferent 
axons  were  observed  to  regenerate  into  the  .spinal  cord  after 
crush  injury  in  the  fir.st  postnatal  week,  but  not  thereafter. 
The  present  experiments  demonstrate  that  a  sufficiently 
favorable  environment  consisting  of  fetal  spinal  cord  tis.sue 
can  enhance  the  regenerative  capacity  of  mature  spinal 
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sensory  neurons  even  when  the  roots  have  been  transected 
rather  than  crushed. 

Although  dorsal  root  axons  were  able  to  penetrate  fetal 
graft  tissue,  the  density  of  ingrowth  varied  from  one  animal 
to  another.  Our  observations  suggest  that  the  most  exten¬ 
sive  regeneration  occurred  when  integration  between  donor 
and  host  spinal  cord  was  greatest.  Partial  misalignment  of 
damaged  roots  with  intraspinal  transplants  and  more  ex¬ 
tensive  scar  formation  at  the  dor.sal  root-graft  interface 
could  account  at  least  in  part  for  those  cases  in  which 
ingrowth  was  modest.  Like  the  regeneration,  these  factors 
were  also  variable.  Scarring,  for  example,  occurred  at  graft 
sites  in  all  recipients,  but  the  distribution  and  density  of 
the  scar  varied  among  animals.  The  contribution  of  each  of 
these  extrinsic  factors  to  the  prevention  of  regeneration 
requires  elucidation. 

Our  conclusion  that  labeled  processes  within  transplants 
originated  from  regenerated  host  donsal  root  ganglion  neu¬ 
rons  rather  than  from  labeled  spinal  neurons  is  strongly 
supported  by  the  results  obtained  with  the  anterograde 
labeling  (injury  filling)  procedure.  This  technique  demon¬ 
strated  labeled  processes  in  the  grafts,  and  these  displayed 
the  morphological  appearance  of  axons  in  the  absence  of 
any  retrogradely  labeled  perikarya.  Therefore  the  labeled 
processes  cannot  be  attributed  either  to  collateral  axons  or 
to  the  dendrites  of  donor  neurons  that  had  entered  the 
dorsal  roots  or  to  labeled  neuritic  processes  of  extensively 
filled  donor  neurons.  In  the  two  transplants  in  which  retro¬ 
gradely  labeled  neurons  were  demonstrated  after  injection 
of  HRP  into  the  sciatic  nerve,  however,  it  was  difficult  to 
distinguish  unequivocally  individual  primary  afferent  fi¬ 
bers  from  the  filled  neuritic  processes  of  the  retrogradely 
labeled  neurons. 

In  addition  to  the  results  obtained  with  injury  filling, 
complementary  evidence  for  dorsal  root  regeneration  into 
grafts  was  derived  from  CGRP  and  transganglionic  label¬ 
ing  methods.  Transganglionic  labeling  has  been  used  exten¬ 
sively  for  charting  the  distribution  of  primary  afferents 
(Grant  et  al.,  '79;  Mesulam  and  Brushart,  '79;  Sw'ett  and 
Woolf,  '85;  Robertson  and  Grant,  '85;  Abrahams  and  Swett, 
86).  With  this  procedure  labeled  fibers  in  grafts  resembled 
those  seen  in  normal  cord.  Furthermore,  these  axons  were 
found  in  transplants  that  lacked  retrograde  neuronal  label¬ 
ing  and  in  regions  of  transplants  distant  from  those  that 
\d  contain  labeled  neurons.  Numerous  fibers  within  trans¬ 
plants  had  the  morphological  appearance  of  HRP-labeled 
axons  and  were  also  immunoreactive  for  the  neuropeptide 
CGRP.  In  normal  dorsal  horn  CGRP  is  derived  exclusively 
from  dorsal  root  ganglion  neurons  (Gibson  et  al..  '84),  and 
even  after  the  administration  of  colchicine,  CGRP-contain- 
ing  perikarya  have  not  been  observed  in  the  dorsal  horn 
but  only  in  large  neurons  within  the  ventral  horn,  which 
are  probably  motoneurons  (Skofitsch  and  Jacobowtiz,  '85). 
In  many  cases  CGRP  processes  were  labeled  in  the  dorsal 
root  and  could  be  seen  to  enter  the  transplant  from  the 
dorsal  root  where  they  were  most  densely  clustered  in  the 
region  of  the  dorsal  root-transplant  interface.  These  results 
using  an  immunocytochemical  method  indicate  regenera 
tion  of  the  transected  adult  dorsal  root  and  are  consistent 
with  tho.se  obtained  using  HRP  tracing.  The  number  of 
primary  afferent  axons  demonstrated  w'ilhin  tran.splants 
by  the  CGRP-labeling  method  is  gi'eater  and  their  ingi-owth 
more  extensive  than  those  labeled  with  HRP.  It  is  likely, 
therefore,  that  method.s  that  depend  on  the  tran.sport  or 
diffusion  of  HRP  undorc.stimate  the  extent  of  host  dor.sal 
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root  ingrowth.  The  explanation  tor  this  apparent  underes¬ 
timation  of  axon  ingrowth  by  HRP  tracing  methods  is  un¬ 
certain.  One  possible  explanation  for  the  limited  labeling 
seen  with  transganglionic  transport  is  that  only  a  portion 
of  the  dorsal  root  ganglion  neurons  whose  peripheral  pro¬ 
cesses  are  in  the  sciatic  nerve  have  regenerated.  Similarly 
only  a  small  portion  of  the  regenerated  dorsal  roots  may  be 
exposed  to  HRP  when  tracer  is  applied  directly  to  the  dorsal 
roots  in  the  procedure  used  for  injury  filling.  Alternatively, 
the  restricted  labeling  following  sciatic  nerve  injection  may 
be  due  to  impaired  transport  of  HRP  at  any  point  between 
the  peripheral  nerve  injection  .site  and  dorsal  root  projec¬ 
tions  into  the  transplants,  and  the  limited  labeling  after 
dorsal  root  application  may  be  due  to  limited  dilTusion  of 
HRP  in  recently  regenerated  axon.s.  [n  contrast,  approxi 
mately  30''>  of  dorsal  root  axons  originate  in  dor.sal  root 
ganglion  neurons  that  are  immunoreactive  for  CGRPiGib 
.son  et  al..  '84 1. 

Dorsal  root  axons  entered  the  fetal  spinal  cord  graft.s  and 
grew  for  up  to  3  mm.  As  seen  with  CGRP  immunostaining. 
the  extent  to  which  they  ramified  and  arborized  within  the 
grafts  in  many  instances  appeared  comparable  to  that  .seen 
in  the  normal  spinal  cord.  Once  having  entered  the  grafts, 
however,  the  distance  of  axonal  ingrowth  was  limited  and 
resembled  that  seen  when  Schwann  cel!  bridges  are  u.sed 
a.s  graft-s  (Aguayo.  '85  i.  Elongation  of  these  axon.s  into  fetal 
tissue  may  have  been  restricted  by  the  progressive  matu¬ 
ration  of  the  neuropil  and  glia  within  the  transplants;  ini¬ 
tially,  immature  glial  cells  in  the  transplants  may  be 
especially  permissive  to  axonal  elongation  and  the  ability 
of  astrocytes  to  support  regeneration  may  decline  as  they 
age,  as  ha.s  been  demonstrated  in  the  normal  animal  (Smith 
el  al.,  '86i.  Another  pos.sibility  is  that  dorsal  roots  formed 
synap.ses  with  donor  neurons  (Bernstein  and  Bernstein.  '67) 
or  axo-glial  terminals  on  donor  astrocytes  (Liuzzi  and  La- 
sek.  '87a),  thus  providing  a  signal  for  elongation  to  cease. 
These  possibilities  are  not  mutually  exclusive.  However, 
our  ob.servation  that  dorsal  roots  formed  frequent  arboriza¬ 
tions  and  varicosities  near  clusters  of  neuronal  cell  bodies 
favors  the  establi.shment  of  synapses  on  neurons  as  the 
responsible  mechanism. 

This  pattern  of  growth  of  the  dorsal  root.s  in  the  traas- 
plant  re.sembles  that  which  we  have  observed  when  intra 
spinal  fiber  sy.stems  are  presented  with  a  fetal  spinal  cord 
graft  (unpublished  ob.servationsi.  Preliminary  studies  using 
immunocytochemical  techniques,  for  example,  have  shown 
that  descending  host  serotonergic  axons  also  grow  only  a 
limited  distance  after  traversing  the  host-fetal  spinal  cord 
graft  interface.  The  observation  that  scar  formatio.;  by  glia 
and  connective  ti.ssue  appears  to  be  an  important  factor  in 
determining  the  extent  of  host  dorsal  root-graft  axonal  pro¬ 
jections  also  parallels  resuit.s  that  have  been  obtained  in 
initial  studies  of  t  .c  axonal  projections  formed  between 
graft.s  and  intraspinal  neurons  (Reier  et  ah,  '86b).  Thu.s, 
although  embyronic  spina!  cord  transplants  offer  the  poten 
liai  loi  enhancing  the  ability  of  adult  central  nervous  .sys¬ 
tem  axon.s  to  regenerate,  the  conditions  under  which  growth 
can  be  maximized  remain  to  be  defined. 

The  presence  of  retrogradely  labeled  cells  after  .sciatic 
nerve  labeling  is  of  intere.st  because  it  indicates  that  .some 
of  the  graft  neurons  had  sent  axons  down  the  sciatic  nerve 
to  al  least  the  s.te  of  labeling  in  the  midthigh.  This  axon 
outgrowth  represents  elongation  of  prfxresses  from  cells 
originating  in  !h<-  transplants.  It  is  unlikely  that  these  cells 
were  iaheled  by  trans.synaptic,  rather  than  retrogr.ade. 


tran.sport  .since  the  animals  survived  for  oniv  4H  hour."  ailer 
the  application  of  tracer  and  were  labeled  not  only  by  W(  <.\ 
HRP  but  also  by  {'T  ilRP,  which  doe."  nut  undergo  tran." 
neuronal  transfer  in  the  primary  afi'erem  system  <  Kot»-rt 
.son  and  Grant.  M.ai  Previous  studies  have  shown  that  PNS 
ti.s.sue  introduced  into  the  l.'.NS  can  .stimulate  axonal  out 
growth  Iroiri  a  variety  of  neuronal  jKipulaiiun.s  (reviewed  in 
.Aguayo,  'S.5i,  It  has  also  been  shown  that  .axonal  elongation 
from  fetal  GNS  Ussue  can  be  promoted  when  tran."pi,inl> 
are  combined  with  a  P.S'S  graft  (Aguayo  et  al.,  '84 1  or  whi.m 
embryonic  grafts  are  introduced  directly  into  the  sciatu' 
nerve  iRichard.son  and  Issa.  84:  Berrcslein  and  Tang  'H-l 
We  presently  have  no  direct  infornialion  concerning  the 
route  taken  by  donor  derived  axons  into  the  penpht  ry 
However,  the  labeling  ot  transplant  neuron."  by  retrograde 
tran.sport  after  applving  tracer  to  the  .sciatic  nerve,  hut  not 
after  iniury  filling,  suggests  that  axons  from  the.se  neurons 
had  emerged  via  the  ventral  rather  than  the  dorsal  roots 
Since  gi-afts  often  showed  excellent  fusion  with  preserved 
ventral  gray  mat'er,  it  is  conceivable  that  axons  from  donor 
cells  within  the  ir.insplants  extended  a  short  distance  into 
the  i.o.si  spinal  cord  and  thim  into  the  ventral  rootlets  Tins 
would  Ik*  consistent  with  the  elongation  exhibited  by  in 
jured  adult  motrir  neurons,  which  have  lK*en  shown  to  re 
generate  through  white  mattrT  into  nearbv  ventral  rootl'd." 
after  a.xotomy  within  the  substance  of  the  spinal  cord  (Ri 
sling  el  al..  '83i,  .Alternatively,  it  is  [Kissible  that  damaged 
ventral  roots  within  the  lesion  cavity  iKK-anie  closely  ap 
proximated  with  the  feta!  spinal  cord  graft."  and  may  have 
become  directly  innervated  by  donor  neurons  Previous 
studies  have  shown,  for  example,  that  denervated  ventral 
roots  can  attract  sprouting  axons  after  avulsion  of  the.se 
roots  and  reimplantation  into  the  adult  rat  .spinal  cord 
(Carlstedt  et  al..  '86). 

Axons  from  the  retrogradely  iaheled  host  neurons  that 
we  observed  In  the  contralateral  hemisegmeru  of  the  host 
spinal  cord  may  have  followed  a  similar  course  into  the 
periphery  as  did  the  donor  neurons.  These  neurons  were 
located  primarily  in  lamina  VUl  N'eurons  in  this  region 
send  axons  (Carstens  and  Trevin*  '78;  Willis  et  al..  '79( 
and  dendrites  (l  ight  and  Metz.  '78i  acro,s.s  the  midline.  and 
it  is  likely  that  these  processes  would  have  been  injured 
when  spinal  tissue  was  removed  prior  to  in.sertion  of  the 
transplant.  Regeneration  may  then  have  proceeded  into 
and  acros.s  the  transplant,  into  the  ventral  rixit,  and  then 
along  the  sciatic  nerve. 

The  results  of  iVie  present  .study  therefore  demonstr.ite 
that  transplants  permit  regeneration  of  transected  axons  of 
.adult  neurons  who.se  regrowth  into  the  mature  ."pmal  cord 
is  otherwi.se  abortive  and  at  least  some  of  these  neurons 
retain  the  ability  to  .synthe.size  and  tran.sport  a  peptide 
thought  to  function  as  a  neurotran-cmitter  or  neuromodula 
tor  in  the  normal  donsal  horn  iRosenfeid  et  al..  '83;  Gibson 
et  al.,  84). 
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ABSTRACT 


Dorsal  root  ganglion  (DRG)  neurons  decrease  SP  synthesis  after  peripheral  nerve 
lesions.  Levels  in  the  dorsal  horn  also  decline  but  return  to  normal  if  regeneration  is 
successful.  In  adults,  when  regeneration  is  prevented,  recovery  of  SP  in  the  dorsal  horn 
is  slow  and  incomplete,  whereas,  in  newborns,  recovery  is  rapid  and  complete  even 
though  retrograde  cell  death  of  DRG  neurons  is  greater  than  in  adults.  We  have 
examined  the  mechanisms  that  might  account  for  the  rapid  and  complete  recovery  of  SP 
in  the  dorsal  horn  after  peripheral  nerve  injury  in  newborns.  We  also  examined 
changes  in  CGRP  levels,  which  are  known  to  decrease  in  the  dorsal  horn  after  nerve 
lesions  in  adults.  Unlike  SP,  CGRP  in  the  dorsal  horn  derives  solely  from  DRG  neurons. 
Neonatal  rats  received  right  sciatic  nerve  transection,  and  the  nerves  were  ligated  to 
prevent  regeneration.  Peptides  were  compared  in  the  L4  and  L5  DRG  and  spinal  cord 
segments  of  normal  rats  and  in  rats  surviving  6  days  to  4  months  after  sciatic  nerve 
section. 

Sdatic  nerve  section/ligation  in  newborns  produced  50%  neuron  death  in  L4  and 
L5  DRGs,  but  immunocytochemical  methods  showed  that  both  SP-IR  and  CGRP-IR 
recovered  in  dorsal  horn  to  levels  indistinguishable  from  the  control  side.  SP-IR 
recovery  was  not  an  artefact  due  to  shrinkage  because  radioimmunoimmunoassay 
(RIA)  confirmed  identical  amounts  ipsilateral  and  contralateral  to  the  lesion.  The 
amount  of  SP  in  ipsilateral  L4  and  L5  DRGs  was  -50%  less  than  in  control  DRGs.  ^ 
PPT-mRNA  hybridization  and  SP-IR  were  observed  mostly  in  small  neurons  (mean 
size=444|im^).  The  population  of  a-CGRP-mRNA  hybridized  and  CGRP-IR  neurons 
was  more  heterogeneous  and  included  small,  medium,  and  a  few  large  cells 
(mean=548pm2).  The  percentage  of  DRG  neurons  that  contained  SP  (-25%)  or  CGRP 
(-50%)  was  the  same  in  normal  newborn  and  adult  rats.  Because  neonatal  nerve  lesion 
caused  a  50%  loss  of  SP-  and  CGRP-IR  neurons,  neither  selective  cell  survival  nor 
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change  in  neviron  phenotype  contributed  to  recovery  in  the  dorsal  horn.  In  both  L4  and 
L5  DRGs  ipsilateral  to  the  lesion,  the  surviving  neurons  exhibited  the  same  level  of 
hybridized  p-PPT-mRNA  and  a-CGRP-mRNA  as  the  intact  neurons  of  control  DRGs. 
Because  neither  the  constitutive  level  of  expression  of  the  genes  nor  the  levels  of  the 
peptides  increased  above  those  observed  in  intact  DRG  neurons,  these  mechanisms 
were  also  not  responsible.  DRG  neurons  axotomized  neonatally  do,  however, 
contribute  to  recovery  because  recutting  the  sciatic  nerve  2  months  later  induced  a  new 
partial  depletion  of  SP  and  CGRP  in  the  dorsal  horn.  In  addition  recovery  was  due  in 
part  to  sprouting  by  neurons  in  intact  DRGs  rostral  and  caudal  to  L4  and  L5  because 
sectioning  these  dorsal  roots  also  depleted  recovered  SP  and  CGRP.  The  contribution  to 
recovery  of  metabolic  alterations  in  the  neonatally  injured  neurons,  including  increased 
peptide  transport  or  prolonged  peptide  half-life,  remains  to  be  determined. 
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INTRODUCTION 


Dorsal  root  ganglion  (DRG)  neurons  provide  an  accessible  model  in  which  to 
compare  the  consequences  of  axotomy  in  adult  and  neonate  and  to  study  the 
mechanisms  underlying  the  differences  in  anatomical  and  physiological  reorganization 
that  follow  in  the  CNS  in  each  case.  After  injury  to  the  peripheral  processes  by  nerve 
section  (reviewed  in  Aldskogius  et  al.,  *85),  arthritic  inflammation  (reviewed  in  Dubner 
and  Ruda,  *92),  or  capsaicin  administration  (Nagy  and  van  der  Kooy,  ‘83;  Shortland  et 
al.,  '90),  some  cells  die  and, modifications  occur  in  the  surviving  axotomized  DRG 
neurons,  in  their  central  processes  within  the  spinal  cord,  and  also  trans-synaptically  in 
neurons  at  spinal  and  supraspinal  levels  (Garraghty  and  Kaas,  '91). 

Anatomical  plasticity  is  commonly  considered  to  be  more  robust  after  injury  in 
neonates  than  after  the  same  lesion  made  in  adults  (Bregman  and  Goldberger,  '83; 
Leonard  and  Goldberger,  '87a, b;  Shortland  et  al.,  '90;  Hammond  and  Ruda,  '91;  Wang  et 
al.,  '91).  Neonatal  sciatic  nerve  lesions,  for  example,  elicit  much  more  extensive 
sprouting  of  saphenous  nerve  afferents  within  the  spinal  cord  than  sciatic  nerve  section 
in  the  aduit  (Fitzgerald,  '85;  Fitzgerald  and  Vrbova,  '85;  Fitzgerald  et  al.,  '90).  Neonatal 
peripheral  nerve  lesions  also  result  in  the  death  of  approximately  twice  the  number  of 
DRG  cells  as  die  after  the  same  lesion  in  adult,  indicating  the  greater  vulnerability  to 
axotomy  of  immature  DRG  neurons  (Bondok  and  Sansone,  '84;  Yip  et  al.,  '84;  Himes  and 
Tessler,  '89).  The  modifications  in  the  metabolic  activity  of  surviving  DRG  neurons 
(Perry  and  Wilson,  '81;  Basi  et  al.,  '87)  include  decreased  S5mthesis  of  some 
neuropeptides,  such  as  substance  P  (SP)  (Jessell  et  al.,  '79;  Barbut  et  al.,  '81;  Tessler  et  al., 
'85;  Nielsch  et  al.,  '87;  Nielsch  and  Kean,  '89;  Himes  et  Tessler,  ’89),  caldtonin-gene- 
related  peptide  (CGRP;  Noguchi  et  al.,  '90),  cholecystokirun  (Shehab  and  Atkinson,  '86; 
Klein  et  al.,  ’91)  and  somatostatin  (McGregor  et  al.,  '84),  and  increased  synthesis  of  other 
peptides,  e.g.  vasoactive  intestinal  peptide,  neuropeptide-Y  and  galanin  (McGregor  et 
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al.,  '84;  Shehab  and  Atkinson,  '86;  Shehab  et  al.,  '86;  Hokfelt  et  al.,  '87;  Nielsch  and  Kean, 
'89;  Villar  et  al.,  '89;  Noguchi  et  al.,  '89;  Villar  et  al.,  '91;  Wakisaka  et  al,  '91).  Recovery  of 
peptide  levels  in  the  dorsal  horn  after  peripheral  lesions  in  aduh«  is  slow  and  incomplete 
(Himes  and  Tessler,  '89)  unless  successful  regeneration  re-establishes  peripheral 
cormections  (Nielsch  and  Keen,  '89;  Henken  et  al.,  '90;  Knyihar-Csillik  et  al.,  ’90).  The 
DRG  neurons  that  survive  axotomy  in  the  neonate,  however,  rapidly  recover  the 
capacity  to  synthesize  and  transport  peptides,  e.g.  SP,  to  the  dorsal  horn,  and  this  occurs 
whether  the  peripheral  process  regenerates  or  not  Fewer  surviving  DRG  cells,  therefore, 
appear  to  supply  greater  amounts  of  peptides  to  the  dorsal  horn. 

The  requirement  for  successful  peripheral  regeneration  for  recovery  of  SP  levels  in  the 
DRG  and  dorsal  horn  in  the  adult  is  thought  to  indicate  that  synthesis  of  SP  is  regulated 
by  NGF  (Fitzgerald  et  al.,  '85;  Lindsay  and  Harmar,  '89;  Wong  and  Oblinger,  '91) 
provided  by  retrograde  transport  from  the  peripheral  target  (Stoecke!  et  al.,  '75;  Goedert 
et  al.,  '81).  Target-derived  neurotrophic  factors  seem  to  be  less  important  in  the  neonate, 
because  SP  recovers  fully  in  the  dorsal  horn  even  if  regeneration  of  the  cut  sciatic  nerve 
is  prevented  (Himes  and  Tessler,  '89). 

The  goal  of  the  present  studies  was  to  examine  possible  mechanisms  that  nught 
account  for  the  rapid  and  complete  recovery  of  SP  in  the  dorsal  horn  after  neonatal 
lesion  in  the  absence  of  regeneration.  We  tested  the  following  h^'potheses:  (1)  Selective 
survival  of  peptidergic  DRG  neurons  accounts  for  the  recovery;  2)  Increased  peptide 
synthesis  by  surviving  axotomized  DRG  neurons  because  of  inaeased  SP  gene 
expression  or  translation  accounts  for  the  recovery;  (3)  Restoration  of  staining  density  is 
an  artefact  of  lesion  induced  shrinkage;  (4)  Sprouting  from  adjacent  intact  DRGs 
accoimts  for  the  recovery. 

We  also  compared  changes  in  CGRP  levels  in  DRGs  and  dorsal  horn.  CGRP  is 
contained  in  many  of  the  same  small  and  medium  size  DRG  neurons  that  contain  SP,  but 
about  50%  of  DRG  neurons  contain  CGRP  whereas  only  20%  contain  SP  (Hokfelt  et  al., 
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'78;  Price,  '85;  Ju  et  al.,  '87;  McCarthy  and  Lawson,  ’90).  CGRP  is  similar  to  SP  with 
respect  to  its  release  and  distribution  in  the  dorsal  horn,  and  its  synthesis  is  also 
regulated  by  NGF  (Lindsay  and  Harmar,  ’89)  provided  by  retrograde  transport  from 
peripheral  targets  (Inaishi  et  al.,  ’92).  Therefore  after  axotomy  in  the  adult,  access  to 
NGF  is  limited  and  CGRP  is  decreased  in  both  DRG  and  dorsal  horn  (Noguchi  et  al.,  '90; 
Inaishi  et  al.,  '92).  Because  CGRP  (Gibson  et  al.,  '84;  Chung  et  al.,  ’88),  unlike  SP  (Barber 
et  al.,  ’79),  is  supplied  entirely  to  the  dorsal  horn  by  DRGs,  changes  of  its  levels  occurring 
in  the  dorsal  horn  are  specifically  attributable  to  DRG  neurons.  We  therefore  compared 
the  effects  of  neonatal  sciatic  nerve  lesion  on  CGRP  levels  and  its  mRNA  with  those  of 
SP. 

Some  of  the  results  have  been  reported  in  preliminary  form  (Nothias  et  al.  '91, 
Nothias  et  al.'92). 
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MATERIALS  AND  METHODS 


Animals  and  surgical  procedures 

Sprague-Dawley  rats  (Zivic  Miller,  Allison  Park,  PA)  were  studied.  New-borns 
were  of  either  sex  (24  hours  after  birth,  PI;  n=30),  adults  (225-250  g;  n=6)  were  females. 
The  neonates  were  anesthetized  with  hypothermia,  and  the  adults  with  an  i.p.  injection 
of  a  mixture  of  ketamine  (20mg/Kg),  xylazine  (2mg/Kg),  and  acepromazine 
(0.15mg/Kg).  The  right  sciatic  nerve  was  exposed  and  sectioned  in  the  middle  one-third 
of  the  thigh.  In  order  to  prevent  regeneration,  a  length  of  the  nerve  was  resected,  and 
the  proximal  stump  was  ligated.  Rats  survived  for  2  months  or  underwent  a  second 
surgical  procedure.  To  determine  whether  axotomized  DRG  neurons  contributed  to 
rerovery  of  SP-  and  CGRP-IR  in  L4  and  L5  dorsal  horn,  4  rats  operated  on  the  day  of 
birth  had  the  right  sciatic  nerve  recut  proximal  to  the  initial  lesion  2-6  months  later  and 
were  allowed  to  survive  for  15  more  days.  To  determine  whether  neurons  in  the  intact 
DRGs  (rostral  and  caudal  to  the  L4  and  L5  DRGs)  contributed  to  recovery  in  the  L4  and 
L5  dorsal  horns,  2  neonatal  operates  had  dorsal  roots  L2,  L3,  L6  and  SI  cut,  leaving 
dorsal  roots  L4  and  L5  intact.  The  rhizotomy  was  performed  3  months  after  neonatal 
sciatic  nerve  lesion,  and  rats  sacrificed  after  2  additional  weeks. 


7 


Imxnunohistochemistxy 

Rats  were  anesthetized  by  an  overdose  of  sodium  pentobarbital  (64.8  mg/kg), 
then  perfused  intracardially  with  saline  (0.9%)  followed  by  4%  paraformaldehyde  in  0.2 
M  phosphate  buffer  (PB,  pH  7.2).  The  L4  and  L5  spinal  cord  segments  and  right  and  left 
DRG  were  dissected,  removed,  cryoprotected  overnight  with  30%  sucrose  in  PB,  and 
stored  at  -70  ®C.  Transverse  sections  (12  pm-thickness)  were  cut  on  a  cryostat  and 
mounted  alternately  on  gelatin  (Sigma)  and  polylysine  (Sigma)  -coated  slides.  Adjacent 
sectioi\s  were  incubated  with  primary  antiserum  directed  against  either  CGRP  or  SP 
(rabbit  anti-serum.  Peninsula  Labs,  Belmont,  CA)  diluted  at  1:  5000  in  0.2  M  PB  with 
0.9%  saline  (PBS,  pH  7.2)  for  24  hours  at  room  temperature,  then  with  biotinylated  goat 
anti-rabbit  IgG  and  with  avidin-biotinylated  horseradish  peroxidase  complex 
(Vectastain  ABC  Kit,  Vector  Laboratories,  Burlingame,  CA)  as  spedhed  by  the 
manufacturer.  The  peroxidase  activity  was  visualized  with  0.05%  diaminobenzidine 
tetrahydrochloride  and  0.01%  hydrogen  peroxide  in  0.05  M  Tris  buffer.  Adjacent 
sections  were  stained  with  cresyl-violet  for  counts  used  to  estimate  the  total  number  of 
neurons  per  ganglion. 

RNA  probe  synthesis  and  in  situ  hybridization  histochemistry 

The  methods  used  for  synthesis  of  ^^S-radiolabeled  RNA  probes  and  in  situ 
hybridization  histochemistry  have  been  previously  described  in  detail  ((Ilhesselet  et  al., 
'87). 

L4  and  L5  DRGs  were  quickly  removed  from  deeply  anesthetized  rats  and  kept 
frozen  until  sectioning.  Sections  (12  ^m-thickness)  were  cut  on  a  cryostat,  thaw-mounted 
alternately  on  gelatin-  (Sigma)  and  polylysine  (Sigma)  -coated  slides,  and  stored  at  -70 
“C. 

Two  cDNAs  were  used  as  templates:  for  ^preprotachykinin  (PPT),  cHSpll 
isolated  from  human  brain  library  (fragment  exons  2  to  6,  350-base  pair,  generously 
provided  by  Dr.  H.U.  Affolter),  and  for  rat  a-CGRP  (cDN-Rsal  fragment  exons  2-6, 500- 
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base  pair,  generously  provided  by  Dr.  S.  Leff  and  M.G.  Rosenfeld).  The  ^PPT  and  a- 
CGRP  cDNA  were  inserted  respectively  into  the  transcription  pSP65  and  pSP64  vectors. 
^PPT-  and  a-CGRP-cDNA,  both  inserted  with  SP6  promotor,  were  restricted 
appropriately  and  transcribed  by  SP6-RNA  polymerase  according  to  the  manufacturer's 
specification  using  2.5  pM  ^%-UTP  (lOOCi/mmol,  New  England  Nuclear)  and  10  pM 
unlabelled  DTP,  with  all  other  nucleotides  unlabeled  and  present  in  excess.  Both  probes 
have  been  previously  characterized  by  Northern  blot  analysis  (Bonner  et  al.,  *87; 
Rosenfeld  et  al.,  *92). 

Mounted  sections  were  quickly  brought  to  room  temperature  under  a  cool  stream 
of  air  and  fixed  in  3%  paraformaldehyde,  rinsed  in  buffer  2x  SSC  (standard  saline  citrate, 
lx  SSC  contains  0.15  M  NaCl/0.015  M  sodium  citrate),  acetylated,  treated  with  Tris- 
glydne,  rinsed  in  buffer  2x  SSC,  dehydrated  in  graded  ethanol,  and  air  dried.  Twenty  to 
30  pi  aliquots  of  hybridization  mixture  (40%  formamide,  10%  dextran  sulfate,  4x  SSC,  10 
mM  dithiothreitol,  Img/ml  sheared  salmon  sperm  DNA,  1  mg/ml  £.  coli  tRNA,  and  lx 
Denhardt's  solution  (0,02%  FicoU,  0,02%  polyvinyl  pyrolidone,  lOmg/ml  bovine  serum 
albumin)  containing  2-3  ng  of  3%-RNA  probe  were  applied  on  each  section. 
Hybridization  was  carried  out  in  humid  chambers  for  3.5  hours  at  50 'C.  Post¬ 
hybridization  procedures  included  washes  in  50%  formainide/2x  SSC  at  52 *C,  treatment 
with  RNase  A,  and  rinses  in  buffer.  After  an  overnight  wash  in  2x  SSC  containing 
Triton-X-100,  slides  were  rinsed,  dehydrated,  delipidated  and  air  dried. 
Autoradiography  was  carried  out  using  NTB-3  emulsion  (Kodak).  Exposure  times  were 
chosen  according  to  results  obtained  in  test  slides  developed  at  regular  intervals.  Slides 
were  then  developed  (EX-19,  Kodak),  fixed  and  coimterstained  with  hematoxylin  and 
eosin.  Experimental  and  control  tissues  were  processed  according  to  the  same 
conditions  and  at  the  same  time,  and  developed  together.  Sections  were  examined  using 
bright  and  dark-field  microscopy. 
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Radioimmimoassay 

L4  and  L5  spinal  cord  segments  and  DRGs  were  removed  from  deeply 
anesthetized  rats,  15  (n=5)  and  60  (n=5)  days  after  neonatal  right  sdatic  nerve  section, 
frozen  on  dry  ice,  divided  into  right  and  left  sides,  and  stored  at  -70°C.  The  tissues  were 
thawed  at  4  ®C,  homogenized  in  a  solution  containing  protease  inhibitors  (ImM 
phenylmethyl-sulfonyl  fluoride  (PMSF),  1%  aprotinin  and  25  pM  leu-peptin),  and  then 
processed  for  RIA  according  to  a  protocol  suggested  by  Incstar,  Inc.  (Stillwater,  MN) 
using  a  spedftc  SP  RIA  kit. 

SP'IR  and  CGRP-IR  cell  counts 

The  procedures  have  previously  been  described  in  detail  (Himes  and  Tessler,  ’89). 
With  the  Bioquant  Image  Analysis  system  (BIAS),  neuronal  nuclei  were  counted  in  every 
twelfth  section  (12  pm-thickness)  on  (i)  cresyl-violet-stained  sections  to  determine  the 
total  number  of  neurons  per  DRG,  and  (ii)  adjacent  immunoreacted  sections  to 
determine  the  number  of  either  SP-IR  or  CGRP-IR  neurons.  A  factor  for  corrected 
neuron  coimts  (Smolen  et  al.,  ’83)  was  used  to  determine  total  and  SP-IR  and  CGRP-IR 
neuron  nximbers.  With  the  same  BIAS  system,  the  size  of  SP-  and  CGRP-IR  neurons  was 
determined  by  measuring  the  area  of  immunoreactive  perikarya  that  contained  a 
nucleus  in  the  section  plane.  This  measurement  was  carried  out  on  all  immunoreactive 
perikarya  present  in  every  24^  section. 

Quantification  of  in  situ  hybridization  labelling 

The  number  of  k  3duced  silver  grains  associated  with  an  individual  cell  was 
obtained  using  the  Morphon  Image  Analysis  System  (Smolen  and  Beaston-Wimmer,  ’89) 
under  bright-field  illumination  at  high  magnification  (x40  lens).  The  area  of  interest  was 
scanned  and  labelled  cells  identified.  The  perimeter  of  each  labelled  cell  was  traced,  and 
both  the  area  occupied  by  silver  grains  and  the  total  area  of  the  outlined  cell  were 
determined.  The  density  of  labelling  was  determined  by  area  fraction  (the  area  occupied 
by  the  grains  divided  by  total  area  of  the  outlined  cell)  because  the  total  area  outlined 
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varied  from  one  cell  to  other.  The  threshold  level  was  adjusted  to  distinguish  between 
grains  and  background  (cell  counterstain),  and  the  measurement  was  carried  out  on  all 
labelled  cells  with  a  nucleus  present  in  the  section  plane. 
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RESULTS 


The  consequences  of  neonatal  sciatic  nerve  lesion  were  similar  m  the  L4  and  L5 
spinal  segments  and  in  the  L4  and  L5  DRGs.  The  results  from  both  DRGs  and  both 
spinal  cord  segments  were  therefore  pooled-  The  intact  contralateral  (left)  spinal 
segments  and  DRGs  were  used  as  controls. 

1.  Selective  survival  of  peptidergic  neurons 
A.  Percentage  of  SP-and  CGRP-IR  neurons  visualized  in  DRGs  at  birth: 

The  greater  restoration  of  immunoreactivity  in  the  dorsal  horn  after  neonatal 
lesion  could  be  accounted  for  if  at  birth  a  greater  proportion  of  DRG  neurons  are 
peptidergic  than  in  adults  and  if  these  are  selectively  spared. 

Counts  of  peptidergic  neurons  in  DRG  from  neonates  indicate  that  ~25%  of  DRG 
neurons  studied  on  the  day  of  birth  were  immunoreactive  for  SP  and  ~50%  were 
immunoreactive  for  CGRP  (Fig.l).  The  percwttage  of  these  pepHdergic  DRG  cells  is  thus 
the  same  on  the  day  of  birth  as  in  the  adult 

B.  Percentage  of  SP*  and  CGRP*IR  neurons  surviving  ui  DRGs  after  neonatal 
sciatic  lesion : 

Death  of  large  numbers  of  neurons  after  neonatal  sciatic  nerve  section-ligation 
greatly  decreases  the  size  of  the  DRG  ipsilateral  to  the  lesion  (Fig.  2,  3).  Cell  counts  of 
total  DRG  neurons  show  that  2  months  after  neonate  axotomy,  about  50%  of  cells  die. 
Very  similar  data  have  been  reported  previously  (Himes  and  Tessler,  ’89). 

SP-IR  neurons:  The  radioimmunoassay  results  show  that  SP  levels  recover  to  normal 
levels  in  the  dorsal  horn  while  the  SP  in  the  DRG  is  only  about  half  that  found  in  intact 
DRGs  (Fig.  4).  SP-IR  is  found  in  a  subpopulation  of  small  neurons  that  are  scattered 
throughout  both  control  and  experimental  DRG  (Fig.  2).  Quantitative  cell  size  analysis 
(Fig.  5)  demonstrates  no  significant  difference  in  mean  cell  size  between  experimental 
and  control  DRGs  (mean  size=444  pm^),  and  experimental  and  control  DRG  show  the 
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same  percentage  of  SP-IR  neurons  (25%;  Fig.  1).  Therefore,  the  50%  neuron  death 
induced  by  neonatal  axotomy  does  not  selectively  spare  SP  neurons. 

CGRP-IR  neurons:  CGRP  immunoreactivity  in  intact  DRG  is  found  mostly  in 
small  and  medium  size  neurons,  but  also  in  some  large  cells  (Fig.  3).  The 
immunostaining  is  generaUy  dark  within  the  perikarya  of  small  cells  and  lighter  and 
more  granular  in  the  perikarya  of  larger  cells.  In  the  experimental  DRG,  2  months  after 
neonatal  sciatic  nerve  lesion,  CGRP  immunoreactivity  is  also  found  primarily  in  small- 
and  medium>size  neurons.  The  histograms  of  cell  size  distribution  show  that  CGRP 
neurons  in  both  intact  and  operated  DRG  form  a  more  heterogenous  size  population 
than  SP-IR  neurons,  indicated  by  the  the  presence  of  more  than  one  peak  (Fig.  7).  The 
mean  cell  size  of  CGRP  neurons  in  the  operated  DRG  is  less  than  in  control  (518  pm^ 
versus  678  ^tm^).  In  both  experimental  and  control  DRGs,  however,  the  percentage  of 
CGRP-IR  neurons  is  about  50%  and  there  is  no  significant  difference  between  the  sides 
(Fig.  1).  Therefore  CGRP-IR  neurons  are  not  selectively  spared  by  sciatic  nerve 
section/ligation  on  the  day  of  birth.  In  contrast,  after  Bdatic  nerve  section  in  adult,  only 
20%  of  DRG  neurons  die  (Himes  and  Tessler,  ’89),  but  the  number  of  CGRP-IR  neurons 
appears  to  be  greatly  decreased  (Fig.  6). 

2.  Differences  in  peptide  synthesis 

^PPT  and  OpCGRP  mRNA  in  DRGs 

DRG  cells  containing  ^PPT  or  a-CGRP  mRNA  were  identified  with  in  situ 
hybridization  histochemistry.  In  both  operated  and  intact  sides,  spedffc 
autoradiographic  labelling  consists  of  clusters  of  reduced  silver  grains.  Each  cluster  is 
associated  widi  an  individual  cell,  which  can  also  be  recognized  by  eosin-hematoxylin 
coimterstaining.  The  neuronal  populations  labelled  for  ^PPJ  or  a-CGRP  are  scattered 
throughout  the  DRG  and  correspond  to  SP-  and  CGRP-IR  cells  observed  with 
immimocytochemistry.  Neurons  hybridized  for  a-CGRP-mRNA  are  a  more 
heterogeneous  population  in  size  and  more  numerous  dian  neurons  hybridized  for  ^ 
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PPT-ix\RNA  (Fig.  8,9).  To  determine  whether  DRG  neurons  that  survive  neonatal  sdatic 
nerve  section  increase  their  constitutive  levels  of  peptide  synthesis  and  in  this  way 
contribute  to  peptide  recovery  in  dorsal  horn,  we  quantified  the  number  of  reduced 
silver  grains  per  neuron.  In  spite  of  their  heterogenous  size  CGRP*IR  neurons  exhibit 
the  same  level  of  hybridized  a-CGRP-mRNA  because  the  same  cell  density  of  reduced 
silver  grains  is  found.  Two  months  after  neonatal  sdatic  nerve  section,  the  levels  of 
hybridized  ^PPT-  as  well  as  a-CGRP-mRNA  in  surviving  DRG  neurons  do  not  differ 
from  those  found  in  the  intact  neurons  of  the  contralateral  DRG  (Fig.  10).  SP  and  CGRP 
gene  expression  therefore  recover  to  normal  levels,  but  do  not  exceed  normal  levels,  in 
DRG  neurons  that  survive  neonatal  sdatic  lesion,  even  when  regeneration  is  prevented. 
Recovery  is  therefore  not  attributable  to  a  change  in  constitutive  expression  of  these 
genes. 

3.  Apparent  restoration  is  not  an  artefact  attributable  to  shrinkage  of  the  dorsal  horn 
Consequences  of  neonatal  sciatic  nerve  lesion  on  SP-  and  CGRP-IR  in  the 
dorsal  horn 

SP  immunohistochemistry  and  radioimmunoassay:  In  intact  adult  rats,  SP-IR  fibers 
in  the  dorsal  horn  are  distributed  homogenously  in  laminae  I,  n  and  the  dorsal  part  of 
lamina  in  (Fig.  11).  Sbcty  days  after  neonatal  sdatic  nerve  section-ligation,  the 
distribution  of  SP-IR  fibers  in  the  dorsal  horn  ipsilateral  to  lesion  and  the  density  of 
labelling  are  comparable  to  those  of  the  contralateral  intact  dorsal  horn  (Fig.  11a;  see  also 
Himes  and  Tessler,  '89).  After  neonatal  lesion,  the  areas  corresponding  to  laminae  I  and 
n  ipsilateral  to  the  lesion  are  smaller  than  on  the  control  side.  Quantitative  results 
obtained  by  radioimmunoassay,  however,  show  that  both  sides  contain  the  same 
amount  of  SP  (Fig.  4)  and  the  restored  staining  is  therefore  not  an  artefact  of  shrinkage. 
In  contrast,  2  months  after  sdatic  nerve  section-ligation  in  adults,  the  SP-IR  is  greatly 
reduced  in  the  medial  portion  of  laminae  I  and  II,  which  receives  input  from  the  sdatic 
nerve  (Fig.  11b). 
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CGRP  immuHohistochemistnf:  In  the  intact  adult  lumbar  spinal  cord  CGRP-IR 
fibers  are  concentrated  in  laminae  I  and  n  and  extend  into  lamina  V,  where  they  form  a 
reticulated  network  (Fig.  12  b,  c).  No  CGRP-IR  perikarya  are  seen  in  the  dorsal  horn, 
although  motomeurons  are  immunostained.  Sdatic  nerve  section-ligation  in  the  adult 
completely  eliminates  CGRP-IR  in  the  medial  portion  of  the  dorsal  horn  (Rg.  12  c).  This 
reduction  is  maintained  for  at  least  2-4  months  after  lesion  (latest  survival  time  studied). 
In  the  neonate,  CGRP-staining  is  reduced  at  6  days  after  sdatic  nerve  transection  (Fig. 
12a),  but  by  two  months  CGRP-IR  fibers  are  present  in  the  medial  portion  of  laminae  I 
and  n  with  a  pattern  and  level  of  staining  that  are  virtually  identical  to  those  of  the  intact 
contralateral  dorsal  horn  (Fig.  12  b). 

4.  Restoration  occurs  through  central  sprouting  by  inluied  or  spared  DRG  neurons. 

When  the  sdatic  nerve  is  recut  2  months  after  neonatal  lesion,  a  new  depletion  of 
both  SP-  and  CGRP-IR  occurs  in  the  dorsal  horn,  particularly  in  the  medial  portion  of 
laminae  I  and  II  (Fig.  11c,  13a).  The  decrease  is  less  than  that  occurring  after  an  adult 
lesion.  This  pattern  suggests  that  L4  and  L5  DRG  neurons  contribute  substantially  to, 
but  are  not  the  exdusive  source,  of  recovered  peptides.  Both  peptides  are  also  depleted 
from  the  dorsal  horn  when  L2, 3, 6  and  SI  but  not  L4  and  L5  dorsal  roots  are  cut  2 
months  after  neonatal  lesion  (Fig.  lid,  13b).  In  this  case  also  the  depletion  is  incomplete, 
although  it  is  not  conRned  to  the  medial  portion  of  the  dorsal  horn.  Therefore,  sprouting 
by  intact  neurons  in  adjacent  DRGs  also  contributes  to  SP-  and  CGRP-IR  recovery.  The 
new  depletion  caused  by  dorsal  rhizotomy  is  smaller  in  the  L5  spinal  segment  than  in 
L4,  even  if  the  same  niunber  (n=2)  of  roots  are  cut  above  L4  and  below  L5.  The 
restoration  after  neonatal  lesions  is  therefore  due  to  sprouting  by  adjacent  spared  roots 
and  increased  supply  hrom  the  axotomized  DRG  neurons. 
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DISCUSSION 


Our  results  support  previous  studies  that  showed  that  the  consequences  of  sdalic 
nerve  section/ligation  in  neonates  differ  from  those  occurring  after  the  same  injury  in 
adults  (Bondok  and  Sansone,  '84;  Yip  et  al.,  '84;  Fitzgerald  and  Vrbova,  '85;  Him«  and 
Tessler,  '89;  Fitzgerald  et  al.,  '90).  We  find  that,  despite  the  more  extensive  death  of  DRG 
neurons  in  newborns,  SP-ER  recovers  rapidly  and  completely  in  the  dorsal  horn,  whereas 
recovery  in  adults  is  slow  and  incomplete  (Himes  and  Tessler,'89).  The  present  results 
with  RIA  confirm  the  immunocytodiemical  data  and  provide  additional  evidence  that 
this  recovery  is  not  an  artefact  due  to  shrinkage.  The  present  data  demonstrate  that 
CGRP-IR  also  recovers  in  the  dorsal  horn  after  neonatal  sciatic  nerve  section/Ugation. 
The  recovered  SP-  and  CGRP-IR  originate  both  from  surviving  axotomized  neurons  in 
the  L4  and  L5  DRGs  and  from  intact  neurons  in  DRGs  rostral  and  caudal  to  L4  and  5. 
Similarities  in  recovery  support  the  idea  that  the  two  neuropeptides  are  subject  to 
common  regulatory  mechanisms. 

1«  Source  of  trophic  support 

The  mechanism  responsible  for  the  recovery  of  SP  and  CGRP  synthesis  in 
newborn  DRG  neurons  permanently  separated  from  their  peripheral  targets  is 
unknown.  DRG  neurons  can  maintain  baseline  levels  of  neuropeptide  synthesis  without 
the  addition  of  neurotrophic  factors  (Lindsay  et  al.,  ’89),  but  recovery  is  likely  to  depend 
on  an  adequate  supply  of  these  factors.  The  neurotrophins  NGF,  neurotrophin-3  (NT-3), 
neurotrophin-4/5  (NT-4/5),  and  brain-derived  neurotrophic  factor  (BDNF),  are  known 
to  be  essential  for  the  survival  of  developing  DRG  neurons  in  vitro  (Lindsay  et  al.,  '85; 
Maiscr.pierre  et  al.,  ’90b;  Hohn  et  al.,  '90;  Berkemeier  et  al.,  '91;  Hallbook  et  al.,  '91;  Ip  et 
al.,  ’92),  and  this  has  also  been  shown  for  NGF  in  vivo  (Johnson  et  al.,  ’80;  Hamburger  et 
al.,  '81).  NGF  is  produced  by  peripheral  targets  (Davies  et  al.,  ’87),  internalized  at  axonal 
endings,  and  transported  retrogradely  to  the  cell  bodies  of  DRG  neurons  (Korsching  and 
Thoenen,  1983;  Richardson  and  RiopeUe,  ’84;  Yip  and  Johnson,  *84),  where  it  modulates 
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SP  and  CGRP  expression  (Lindsay  and  Harmar,  '89;  Lindsay  et  al.,  ’89)  and  continues  to 
provide  trophic  support  for  mature  DRG  neurons  although  no  longer  required  for 
survival  (Yip  et  al.,  ’84).  BDNF  and  NT-3  are  also  retrogradely  transported  by  subsets  of 
DRG  neurons  (DiStefano  et  al.,  *92),  and  mRNAs  coding  for  neurotrophins  are  present  in 
skin  (Maisonpierre  et  al.,  '90a,b;  Acheson  et  al.,  '91;  Schecterson  and  Bothwell,  ’92),  a 
target  of  SP-  and  CGRP-containing  DRG  neurons  (O'Brien  et  al.,  '89).  Anti-NGF 
antibodies  admiiustered  to  post-natal  rats  markedly  reduce  SP  levels  in  DRG  and  dorsal 
horn  (Otten  et  al.,  '80;  Mayer  et  al,,  ’82),  and  application  of  NGF  to  the  proximal  stump  of 
transected  nerve  prevents  SP-IR  and  CGRP-IR  depletion  (Kessler  and  Black,  '81;  Csillik, 
'84,  Fitzgerald  et  al,  '85;  Inaishi  et  al.,  '92).  The  reduction  in  SP  and  CGRP  levels  that 
follows  axotomy  is  therefore  accounted  for  by  interruption  of  retrogradely  transported 
neurotrophins.  Recovery  of  peptide  levels  in  neonates  when  regeneration  is  prevented 
suggests  the  availability  of  adequate  levels  of  neurotrophic  factors  from  new  sites. 
Axotomized  nerves  of  newborns  may  also  be  more  responsive  to  these  factors  than  those 
of  adults,  e.g.,  more  receptors  in  newborns  (Buck  et  al.,  '87)  or  have  more  efficient 
retrograde  transport  (Raivich  et  al,  '91).  The  factors  may  be  supplied  by  Schwann  cells 
or  other  non-neuronal  cells  in  the  peripheral  nerve  proximal  to  the  injury,  the  neuroma, 
or  the  spinal  :ord.  Whether  peptide  synthesis  in  DRG  is  subject  to  autocrine/paracrine 
regulation  (Schecterson  and  Bothwell,  '92)  remains  to  be  demonstrated. 

Following  sciatic  nerve  lesion,  non-neuronal  cells  increase  NGF  mRNA  synthesis 
proximal  to  the  site  of  the  injury  (Heumann  et  al.,  '87;  Lindholm  et  al,  '87;  Hengerer  et 
al.,  '90;  Matsuoka  et  al.,  *91).  BDNF  mRNA  levels  increase  to  a  far  greater  extent  than 
NGF  mRNA  levels  distal  to  nerve  transection,  but  do  not  increase  proximally  (Meyer  et 
al.,  ’92).  Axotomized  DRG  neurons  therefore  remain  exposed  to  NGF  and  perhaps  other 
neurotrophins,  although  the  amounts  may  be  deaeased.  The  more  extensive  DRG 
neuron  death  that  follows  sciatic  nerve  section  in  newborns  would  deaease  the 
competition  for  these  factors,  thus  ensuring  that  supplies  of  neurotrophic  factors  are 
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adequate  to  maintain  peptide  synthesis  in  those  that  survive.  Therefore  the  supply  of 
neurotrophins,  which  are  insufficient  to  maintain  peptide  synthesis  after  adult  lesion, 
may  be  adequate  after  neonatal  lesion.  The  induction  of  NGF  receptor  synthesis  by 
newly  available  neurotrophic  factors  may  also  contribute  to  recovery  (Lindsay  et  al.,  ‘90; 
MiUer,  et  al,  *91). 

In  adult  DRG  neurons,  the  synthesis  of  CGRP  differs  from  that  of  SP  because  it  is 
regulated  via  retrograde  transport  from  the  the  central  as  well  as  the  peripheral  process 
(Jessell  et  al.,  '79;  Noguchi  et  al.,  '89;  Henken  et  al.,  ‘90;  Villar  et  al.,  ’91;  Inaishi  et  al.,  '92). 
Whether  the  expression  of  either  SP  or  CGRP  is  regulated  via  the  central  process  in 
newborns  has  not  been  determined,  but  higher  levels  of  the  mRNAs  for  NGF,  BDNF, 
and  NT-3  have  been  demonstrated  in  the  newborn  spinal  cord  than  in  the  adult 
(Maisonpierre  et  al.,  ’90a;  Emfors  and  Persson,  *91). 

2.  Mechanisms  of  recovery. 

L4  and  L5  DRG  neurons  axotomized  on  the  day  of  birth  contribute  substantially 
to  the  recovery  of  both  SP  and  CGRP  in  the  dorsal  horn  because  recutting  the  sciatic 
nerve  two  months  after  the  original  lesion  induces  a  new  depletion.  The  present  results 
make  unlikely  several  other  mechanisms  that  could  account  for  the  contribution  made  to 
recovery  by  axotomized  DRG  neurons. 

a.  Selective  survival  of  SP-  and  CGRP-containing  DRG  neurons.  Previous 
studies  showed  that  peripheral  axotomy,  in  adult  and  neonate,  results  in  death  of  DRG 
neurons  without  a  change  in  the  soma  size  distribution,  suggesting  that  both  small  and 
large  cells  are  equally  vulnerable  (Cavanaugh,  ’51;  Risling  et  al.,  '83;  Heath  et  al.,  '86; 
Himes  and  Tessler,  ’89).  In  our  present  study,  the  all  counts  based  on 
immunocytochemical  characterization  demonstrate  directly  that  there  is  no  selective  cell 
death  in  the  subclasses  of  DRG  neurons  that  are  SP-  or  CGRP-IR.  These  results  differ 
from  those  observed  xvhen  developing  DRG  neurons  are  exposed  either  to  capsaicin 
(Jancso  et  al,  ’77;  Nagy  et  al,  '81;  Skofitsch  and  Jacobowitz,  ’85a;  Carr  et  al.,  ’90)  or  NGF- 


18 


antiserum  (Goedert  et  al.,  '81;  Kessler  and  Black,  '81;  Raivich  and  Kreutzberg,  '87;  Ruit  et 
al.  ’92).  Both  of  these  treatments  induce  selective  cell  death  within  small  size  neuron 
populations.  A  shift  in  the  size  spectrum  because  of  a  decrease  of  mean  cell  size  has  also 
been  observed  after  peripheral  nerve  axotomy  (Aldskogius  and  Arvidsson,  '78;  Himes 
and  Tessler,  ’89).  Our  results  are  consistent  with  these  observations.  We  find  no  change 
in  the  distribution  or  the  mean  of  SP  cell  size,  whereas  the  cell  size  distribution  of  the 
more  heterogeneous  CGRP  neurons  lacks  the  peak  corresponding  to  the  largest  cell 
population  and  shows  a  slight  decrease  in  the  mean  cell  size.  This  is  likely  due  to  slight 
atrophy  of  cell  bodies  or  to  loss  of  the  largest  cells  which  are  few  in  number.  We  cannot 
rule  out  selective  loss  of  some  of  the  largest  CGRP*containing  cells,  but  selective  survival 
of  peptidergic  neurons  cannot  account  for  recovery  in  the  dorsal  horn. 

b.  Change  in  neurotransmitter  phenotype.  Plasticity  in  neurotrairsmitter 
phenotype  expression  by  DRG  neurons  is  shown  by  the  transient  expression  of 
catecholaminergic  staining  during  development  (Jonakait  et  al.,  ’84)  and  by  a  sensitivity 
to  target-derived  influences  observed  in  developing  neurons  in  culture  (Barakat-Walter 
et  al.,  ’91;  Due  et  al.,  ’91)  and  in  the  regenerating  nerves  of  adult  rats  in  vivo  (McMahon 
and  Gibson,  ’87).  Our  data  do  not  support  the  hypothesis  that  DRG  neurons,  which  are 
incapable  of  SP  or  CGRP  synthesis  imder  normal  conditions,  change  their  neuropeptide 
phenotype  in  response  to  neonatal  axotomy  and  produce  these  peptides.  Because  we 
found  that  the  proportion  of  SP-  and  CGRP-  neurons  in  the  total  neuronal  population 
and  their  cell  size  distribution  after  neonatal  lesion  are  comparable  to  those  observed  in 
the  intact  newborn  and  adult  DRG,  change  in  the  phenotype  is  unlikely  to  account  for 
recovery  in  the  dorsal  horn. 

c.  Increased  peptide  synthesis  regulated  at  the  level  of  transcription  or 
translation.  Decreases  of  SP  and  CGRP  in  the  DRG  and  dorsal  horn  after  peripheral 
nerve  injury  in  the  adult  are  related  to  decreased  amounts  of  their  mRNAs  (Nielsch  and 
Keen,  '89;  Noguchi  et  al.,  ’89;  '90;  Henken  et  al.,  ’90).  If  regeneration  is  unsuccessful. 
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levels  of  PPT-mRNA  remain  low  due  to  decreased  amounts  of  mRNA  per  neuron  and  a 
decrease  in  the  number  of  neurons  expressing  PPT-mRNA  that  exceeds  the  percentage 
of  loss  of  these  cells  (Henken  et  al.,  ’90).  The  present  results  show  that  regulation  of 
CGRP  and  SP  synthesis  after  neonatal  sciatic  nerve  lesion  differs  from  that  previously 
observed  after  adult  lesion.  Recovered  DRG  neurons  exhibit  normal  levels  of  PPT-  and 
CGRP-  in  situ  hybridized  mRNA  per  neuron  and  the  percentages  of  these  neurons 
immunoreactive  for  SP  and  CGRP  are  similar  to  those  observed  in  intact  adult  DRG 
neurons.  The  total  number  of  these  neurons  is,  however,  reduced  by  50%  compared 
with  normal,  and  our  results  using  RIA  show  a  corresponding  50%  reduction  in  levels  of 
SP  in  the  L4  and  5  DRG  at  a  time  when  levels  in  the  dorsal  horn  are  completely 
recovered.  Because  constitutive  levels  of  hybridized  mRNA  do  not  increase  and  levels 
of  peptide  synthesis  correspond  to  the  numbers  of  surviving  DRG  neurons,  increased 
peptide  synthesis  cannot  account  for  peptide  recovery  in  the  dorsal  horn. 

d.  Other  compensatory  mechanisms.  The  present  experiments  have  not  directly 
addressed  several  additional  mechanisms  by  which  axotomized  DRG  neurons  may 
contribute  to  the  recovery  of  peptide  levels  in  the  dorsal  horn.  One  of  these  mechanisms 
is  the  sprouting  or  other  central  compensatory  events  elicited  in  the  central  axons  of 
these  neurons  after  sciatic  nerve  injury  which  may  be  greater  in  neonates  than  in  adults 
(Woolf  et  al.,  '90;  Coggeshall  et  al.,  '91;  Knyihar-Csillik  et  al.,  ’92).  Two  metabolic 
adaptations  in  response  to  injury  may  also  contribute:  inaeascd  rates  of  peptide 
transport  along  the  dorsal  roots  and  decreased  rates  of  turnover  of  the  peptides  in  the 
central  terminals.  Changes  consistent  with  a  slowed  rate  of  transport  of  the 
neurofilament/microtubule  protein  wave  have  been  observed  along  the  dorsal  root  after 
peripheral  axotomy  (Oblinger  and  Lasek,  ’88),  but  changes  in  the  central  transport  of 
rapidly  transported  peptides  like  SP  and  CGRP  and  their  metabolism  within  the  spinal 
cord  have  not  been  examined  (Keen  et  al.,  *82). 
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Recutting  the  sdatic  nerve  depletes  the  recovered  peptides  from  the  dorsal  horn, 
but  the  depletion  is  incomplete.  Additional  sources  must  therefore  contribute  to  the 
recovery.  Because  CGRP  in  the  dorsal  horn  derives  entirely  from  the  dorsal  roots 
(Gibson  et  al.,  '84;  Chvmg  et  al.,  ’88),  the  additional  sources  must  include  neurons  in 
DRGs  adjacent  to  L4  and  L5  whose  central  processes  undergo  collateral  sprouting  in 
response  to  partial  denervation  of  the  shared  targets  in  the  dorsal  horn.  Our  observation 
that  cutting  two  dorsal  roots  rostral  and  two  dorsal  roots  caudal  to  L4  and  5  depleted 
SP-  and  CGRP-IR  that  had  recovered  after  newborn  sdatic  nerve  section  confirms  this 
prediction.  In  adult  animals  sprouting  by  primary  afferent  axons,  induding  those 
immunoreactive  for  CGRP  (Piehl  et  al.,  '92),  has  been  observed  after  dorsal  rhizotomy 
(reviewed  in  Goldberger  et  al.,  in  press),  and  myelinated  primary  afferents  have  been 
shown  to  extend  into  novel  regions  of  the  dorsal  horn  after  peripheral  nerve 
section/ligation  (Woolf  et  al.,  '92).  Sprouting  in  adults  is  in  general  more  limited 
spatially  than  that  which  occurs  in  neonates  (reviewed  in  Goldberger  et  al.,  in  press). 
Several  procedures,  induding  the  administration  of  NGF-antiserum  to  embyros  (Ruit  et 
al.,  '92)  and  capsaicin  to  newborns  (Shortland  et  al.,  '90;  Hammond  and  Ruda,  '91),  cause 
intact  primary  afferents  to  sprout  into  denervated  regions  of  the  spinal  cord,  and 
sprouting  by  saphenous  dorsal  root  afferents  into  areas  normally  supplied  by  central 
projections  of  sdatic  nerve  afferents  has  been  shown  previously  after  neonatal  sdatic 
nerve  lesion  (Htzgerald,  '85;  Fitzgerald  and  Vrbova,  '85;  Shortland  and  Fitzgerald,  '91). 
Unlike  the  recovery  of  SP-  and  CGRP-IR  that  we  observed,  however,  the  recovery  of 
flouiide  resistant  add  phosphatase  (FRAP)  staining  in  the  dorsal  horn  that  followed 
sdatic  nerve  section  and  ligation  in  newborns  was  incomplete  and  was  not  depleted  by 
resectioning  the  sdatic  nerve,  indicating  that  FRAP  recovery  was  entirely  due  to  spared 
afferents  (Fitzgerald  and  Vrbova,  '85).  SP  is  found  in  many  of  the  same  DRG  neurons 
that  contain  CGRP  (Gibson  et  al.,  '84;  Skofitsch  and  Jacobowitz,  '85b;  Ju  et  al.,  '87),  but 
the  populations  of  SP-  and  FRAP-containing  PRG  neurons  are  largely  separate  (Nagy 
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and  Hunt  '82),  and  those  that  contain  FRAP  and  CGRP  only  partially  overlap  (Carr  et 
al.,  *90).  The  differences  in  recovery  between  FRAP  and  SP  and  CGRP  staining  therefore 
suggest  that  the  capacity  for  sprouting  or  metabolic  compensation  differs  among  subsets 
of  neurons.  In  adult  rats,  collateral  sprouting  by  the  peripheral  processes  of  high- 
threshold  nociceptive  axons  has  been  shown  to  exceed  that  of  low-threshold 
mechanoceptive  axoits  (Jackson  and  EHamond,  ‘84). 

Conclusion 

In  spite  of  the  extensive  death  of  DRG  neurons  that  follows  sciatic  nerve 
section/ligation  in  newborns,  levels  of  SP-  and  CGRP-IR  recover  completely  in  the 
dorsal  horn.  Sprouting  by  neuroitt  in  DRGs  adjacent  to  those  whose  axons  are  cut 
accounts  for  some  but  not  all  of  the  recovery.  DRG  neurons  that  survive  axotomy  also 
contribute,  but  not  because  of  selective  survival  of  SP-  or  CGRP-containing  neurons, 
change  in  neuron  phenotype  or  an  increase  in  constitutive  levek  of  peptide  synthesis. 
These  neurons  appear  to  be  supplied  with  sufficient  quantities  of  neurotrophic  factors  to 
permit  them  to  restore  their  normal  levels  of  peptide  production.  The  contribution  of 
metabolic  alterations  in  the  neonatally  injured  neurons,  including  increased  peptide 
transport  or  prolonged  peptide  half-life,  remains  to  be  determined. 
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LEGENDS  FOR  FIGURES 


Fig.  1.  Bar  graph  representations  showing  the  percentages  of  SP-  and  CGRP- 
ER  neurons  In  the  DRG  of  intact  newborns  (white  bar)  and  adults  (black  bar), 
and  in  the  DRG  of  adults  2  months  after  ipsilateral  sciatic  nerve  section  as  a 
newborn  (hatched  bars).  Neonatal  and  adult  control  DRG  do  not  differ,  nor  do 
adult  and  operated  DRG  (paired  comparison  t~test)  with  respect  to  numbers  of 
SP-  or  CGRP-BR  neurons. 

Fig.  2.  I%otomicrographs  showing  SP-IR  In  L5  DRG  neurons  of  adults  with 
right  sciatic  nerve  section  as  a  newborn,  (sd  Left  (control)  DRG.  (b)  Right 
(experimental)  DRG.  Note  difference  In  size  of  ganglia  and  in  number  of  stained 
cells  on  the  control  and  experimental  sides.  x55. 

Fig.  3.  Photomicrographs  showing  CGRP-SR  in  L4  DRG  neurons  of  adults  2 
months  following  right  sciatic  nerve  section  as  a  newborn,  (a)  Left  (control) 
DRG.  (b)  Right  (experimental)  DRG.  x55. 

Fig.  4.  Bar  graph  representations  of  RIA  results  showing  SP-IR  in  left  (black 
bar)  and  ri^t  (hatched  bar)  L4  and  L5  DRG  and  spinal  cord  segments  15  and 
60  days  after  right  sciatic  nerve  section  ais  a  newborn.  Compared  with  the  left 
side,  levels  of  SP-IR  are  reduced  in  the  right  side  DRG  at  both  15  (••.  p<  0.001) 
aind  60  days  (*.  p<  0.05)  post-operative,  but  levels  on  the  rl^t  side  of  the 
spinal  cord  do  not  differ  (paired  comparison  t-test). 
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Fig.  5.  Cell  size  histograms  showing  the  distribution  of  SP-IR  neurons  in  DRG 
of  adults  2  months  after  right  sciatic  nerve  section  as  a  newborn.  (A)  Left 
(control)  DRG.  (B)  Right  (experimental)  DRG. 

Fig.  6.  Fliotomicrographs  showing  CGRP-ER  in  L4  DRG  neurons  of  an  adult  2 
months  following  right  sciatic  nerve  section  as  an  adult,  (a)  Left  (control)  DRG. 
(b)  Right  (experimental)  DRG.  x  55. 

Fig.  7.  Cell  size  histograms  showing  the  distribution  of  CGRP-IR  neurons  in 
DRG  of  adults  2  months  after  right  sciatic  nerve  section  as  newborns.  (A)  Left 
(control)  DRG.  (B)  Right  (experimental)  DRG.  The  mean  DRG  neuron  size  is 
decreased  on  the  experimental  side. 

Fig.  8.  Dark-fteld  in  situ  hybridization  autoradiographs  showing  PPT  mRNA  in 
L5  DRG  neurons  2  months  after  right  sciatic  nerve  section  as  a  newborn,  (a) 
Left  (control)  DRG.  (b)  Right  (experimental)  DRG.  x  80. 

Fig.  9.  Dark'field  In  situ  hybridization  autoradiographs  showing  CGRP  mRNA 
in  L4  DRG  neurons  2  months  after  right  sciatic  nerve  section  as  a  newborn.  (sO 
Left  (control)  DRG.  (b)  Right  (experimental)  DRG.  x  80. 

Fig.  10.  Bar  graph  representation  of  in  situ  hybridization  results  showing  the 
number  of  reduced  silver  grains  over  control  (black  bar)  and  experimental 
(hatched  bar)  L4  and  L5  DRG  neurons  2  months  after  right  sciatic  nerve 
section  as  a  newborn.  The  number  of  grains  is  related  to  the  amount  of  a- 
CGRP  or  b-PPT  mRNA  associated  with  an  individual  neuron.  Area  fractions  are 
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calculated  ly:  (area  occupied  Ity  the  grains  per  neuron)/  (total  area  of  the 
neuron).  Control  and  experimental  sides  do  not  differ  (Student's  t-test). 

Fig.  11.  i^otomicrographs  showing  SP-IR  In  the  left  and  right  L4  or  L5  dorsal 
horn,  (a)  2  months  after  right  sciatic  nerve  section  as  a  newt>om.  (b)  2  months 
after  right  sciadc  nerve  section  as  an  adult,  (c)  2  months  after  right  sciatic 
nerve  section  as  a  newborn  followed  by  recutting  the  nerve  and  an  additional  2 
weeks  survival,  (d)  2  months  after  right  sciatic  nerve  section  as  a  newborn 
followed  by  right  sided  L2-l^  and  L6-S1  dorsal  rhizotomy  and  an  additional  2 
weeks  survival.  In  (c)  and  (d)  arrows  mark  areas  of  depletion  on  the 
experimental  side.  x3S. 

Fig.  12.  I%iotomlcrographs  showing  CGRP-IR  in  the  left  and  right  L4  or  L5 
dorsal  horns  (a)  6  days  or  (b)  2  months  after  right  sciatic  nerve  section  as  a 
newborn,  (c)  2  months  after  right  sciatic  nerve  section  as  an  adult.  Arrows  in 
(a)  and  (c)  indicate  areas  of  depletion  on  the  experimental  side,  x  35. 

Fig.  13.  Photomicrographs  showing  CGRP-IR  in  the  right  and  left  L4  or  L5 
dorsal  horns  2  months  after  right  sciatic  nerve  section  as  a  newborn  and  2 
weeks  after  (a)  Recutting  the  right  sciatic  nerve,  (b)  L2-L3  and  L6-S1  right¬ 
sided  dorsal  riiizotomy.  x  35. 
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Summary 

In  situ  hybridization  histochemistry  was  used  to  identity  neurons  in  rat  dorsal  root  ganglia  that  contained  mRNAs  encoding 
P-preprotachykinin  and  preprosomatostatin.  The  distribution  of  these  neurons  was  compared  with  the  distribution  of 
neurons  containing  tachykinins  or  somatostatin,  identified  using  immunocytochemical  techniques.  Neurons  labelled  for 
8-preprotachykinin  mRNA  constituted  20%  of  the  total  neuronal  population  and  belonged  to  the  small  cell  class.  Neurons 
latelled  for  preprosomatostatin  mRNA  with  either  RNA  or  DN  A  hybridization  probes  constituted  approximately  10%  of  the 
total  cells  and  comprised  a  small  cell  group  that  differed  in  average  size  from  the  p*preprotachykinin  labelled  population.  The 
distribution  of  cells  containing  tachykinin-  or  somatostatin-like  immunoreactive  material  was  identical  to  the  distribution  of 
cells  containing  the  respective  mRNAs  and,  in  addition,  individual  somata  in  adjacent  sections  contained  both  the  mRNA 
precursor  and  the  peptide.  These  results  suggest  that  for  these  neuropeptides  the  sensitivity  of  the  two  methods  is  equivalent 
and  the  respective  mRNAs  and  peptides  are  co-localized  in  the  same  neurons. 


Introduction 

Somatostatin  and  the  tachykinin,  substance  P,  are  two 
widely  distributed  peptides  which  are  thought  to 
function  as  neurotransmitters  or  neuromodulators  in 
both  the  central  and  peripheral  nervous  system  (re¬ 
viewed  in  Hokfelt  etal.,  1982;  Johansson  etal.,  1984), 
Multiple  forms  of  somatostatin  have  been  identified 
throughout  the  central  nervous  system  (Epelbaum, 
1986).  Of  the  three  molecular  species  that  predomi¬ 
nate,  somatostatin-14  is  the  most  abundant  (Epel¬ 
baum,  1986),  but  smaller  amounts  of  somatostatin-28 
[an  amino-terminally  extended  form  of  somatostatin- 
14  (Pradayrol  etal.,  1980;  Schally  etal.,  1980)]  and 
somatostatin-28(i.i})  have  also  been  demonstrated 
(Benoit  et  al.,  1984).  All  of  these  forms  are  synthesized 
by  cleavage  from  a  larger  precursor  molecule  (proso¬ 
matostatin)  which,  together  with  a  signal  sequence 
(preprosomatostatin),  is  the  translation  product  of  a 
single  gene  (reviewed  in  Habener,  1981,  1987).  Sub¬ 
stance  P  is  the  most  thoroughly  studied  tachykinin  in 
neurons  of  the  central  nervous  system  (Ogawa  etal., 
1985;  Arai  &  Emson,  1986),  but  other  tachykinins  have 

*  To  whom  correspondence  should  be  addressed. 


also  been  identified,  including  substance  K  (neuro¬ 
kinin  A,  neuromedin  L),  neurokinin  B  (neuromedin  K) 
and  neuropeptide  K  (Kimura  et  al.,  1985;  Arai  & 
Emson,  1986).  Three  tachykinins  are  derived  from  a 
single  gene  after  the  RNA  is  differentially  spliced  to 
produce  at  least  three  preprotachykinin  mRNAs 
(Nawa  et  al.,  1983, 1984);  a-preprotachykinin  contains 
the  amino  acid  sequence  for  substance  P  alone; 
3-preprotachykinin,  for  substance  P,  substance  K,  and 
neuropeptide  K;  and  -y-preprotachykinin,  for  sub¬ 
stance  P  and  substance  K  (Krause etal.,  1987).  Neuro¬ 
kinin  B  is  the  product  of  a  separate  gene  (Krause  et  al. , 
1987). 

Somatostatin  and  substance  P  are  among  several 
neuropeptides  that  are  found  in  dorsal  root  ganglion 
cells  (Hokfelt  etal.,  1976;  Price,  1985;  Tuchscherer  & 
Seybold,  1985).  On  the  basis  of  their  appearance  in 
Nissl-stained  material,  dorsal  root  ganglion  neurons 
have  been  subdivided  into  a  small  (400-600  M-m") 
darkly-staining  class  and  a  targe  ( >  800  |xm")  lightly- 
staining  class  (Lawson,  1979;  Price,  1985).  The  small 
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cell  class  accounts  for  between  75  and  80%  of  total 
dorsal  root  ganglion  neurons  (Lawson,  1979).  Most 
peptidergic  neurons  among  this  class  are  thought  to  be 
involved  in  the  processing  of  several  kinds  of  sensory 
information,  including  nociception  (Cervero  &  iggo, 
1980;  Hunt  &  Rossi,  1985).  Approximately  20%  of  the 
total  population  of  dorsal  root  ganglion  neurons  have 
been  shown  to  contain  substance  P-like  immunoreac- 
tive  product  (277o  of  the  small  cell  class),  and  107o 
express  somatostatin-like  immunoreactivity  (13%  of 
the  small  cell  class)  (Hdkfelt  et  al.,  1976;  Price,  1985). 

Little  is  known  about  the  mechanisms  by  which  the 
synthesis  of  peptides  is  regulated  in  dorsal  root 
ganglion  neurons,  either  under  physiological  con¬ 
ditions  or  in  response  to  injury.  This  question  could  be 
approached  directly  if  we  could  combine  immuno- 
cytochemical  meth^s  that  demonstrate  the  peptides 
with  in  situ  hybridization  histochemistry  that  labels 
specific  mRNAs  in  individual  neurons  (Arentzen 
etal.,  1985;  Lewis  ctal.,  1986;  Goedert  &  Hunt,  1987; 
Chesselet  etal.,  1987;  Rethelyi  etal.,  1987;  Card  etal., 
1988;  Fitzpatrick-McElligott  etal.,  1988;  Baldino  ef a/., 
1988a). 

In  the  present  study,  we  have  used  in  situ  hybridiz¬ 
ation  histochemistry  to  study  the  distribution  of 
mRNAs  which  encode  p-preprotachykinin  and 
preprosomatostatin  in  neurons  of  the  dorsal  root 
ganglion,  and  we  have  compared  this  distribution 
with  the  population  of  cells  which  contain  tachykinin- 
or  somatostatin-like  immunoreactivity.  Our  results 
indicate  that  mRNAs  for  3-preprotachykinin  and 
preprosomatostatin  are  expressed  in  two  distinct 
populations  of  neurons.  Our  results  further  suggest 
that  the  neurons  containing  p-preprotachykinin 
mRNA  are  the  same  as  those  which  synthesize  tachy- 
kinins,  and  that  ceils  which  contain  the  preprosomato¬ 
statin  mRNA  are  the  same  as  those  which  synthesize 
somatostatin.  Preliminary  reports  of  these  results 
have  been  presented  elsewfiere  (Henken  etal.,  1987a, 
1987b). 

Materials  and  methods 

Tissue  preparation 

Adult  female  Sprague-Dawley  rats  (250-300  gm)  were 
deeply  anaesthetized  with  chloral  hydrate  (35-40  mg  kg"' 
intraperitoneally)  and  perfused  intracardially  with  50  ml 
normal  saline,  followed  by  400  ml  4%  paraformaldehyde  in 
0.1  M  phosphate  buffer  (pH  7.4).  Dorsal  root  ganglia  from 
the  lumbar  region  (L4-L5)  were  dissected  free,  placed  in 
30%  sucrose  buffer  overnight,  then  embedded  in  mounting 
medium  (Tissue  Tek,  Miles)  and  kept  frozen  (  -20“ C)  until 
sectioning.  Sections  (10  fim)  were  cut  on  a  cryostat,  thaw- 
mounted  on  triply  subbed  slides  (porcine  gelatin  and 
chromalum)  and  thoroughly  dried  at  room  temperature. 
Adjacent  sections  were  placed  on  two  series  of  slides.  One 
series  was  used  for  immunocytochemistry  and  maintained 


at  4“  C  unhl  processed.  The  other  series  of  adjacent  sections 
was  used  for  in  situ  hybridization  histochemistry  and  was 
stored  at  -70“  C. 

Immunoo/tochematry 

Antisera  to  somatostatin  and  substance  P  were  purchased 
from  INCSTAR  (formerly  ImmunoNuclear,  Inc.,  Stillwater, 
MN).  The  antiserum  to  somatostatin  is  directed  against  the 
14-amino  acid  peptide  somatostatin-14.  Since  somatostatin- 
14  is  present  at  the  C-terminus  of  both  prosomatostatin  and 
somatostatin-28,  reaction  product  may  indicate  the  presence 
of  any  of  these  forms.  The  antiserum  to  substance  P  appears 
to  be  directed  against  the  N-terminal  amino  acids  common  to 
tachykinins,  since  the  antiserum  reacts  strongly  with  ele- 
doisin,  physalaemin,  and  substance  K,  as  well  as  with 
substance  P.  Reaction  product  found  with  this  antiserum 
therefore  reveals  tachykinins,  but  is  not  specific  for  sub¬ 
stance  P. 

Sections  were  labelled  on  slides  either  by  the  peroxidase- 
antiperoxidase  (PAP)  method  of  Stemberger  (1986)  or  by  the 
avidin-biotin  method  of  Hsu  etal.  (1981a,  1981b).  For  the 
PAP  method,  0.1%  Triton-X-100  was  added  to  all  washes 
and  serum  dilutions,  and  sections  were  reacted  with  sub¬ 
stance  P  antibody  raised  in  rabbit  at  1 ;  1000  dilution.  For  the 
avidin-biotin  method,  mounted  sections  were  reacted  with 
rabbit  anti-substance  P  or  rabbit  anti-somatostatin  at  1 ;  1000 
dilution  and  then  treated  with  biotinylated  goat  anti-rabbit 
IgG  (Vectastain  ABC  Kit,  Burlinham)  and  avidin- 
biotinylated  horseradish  peroxidase  complex  (Vectastain 
ABC)  as  specified  by  the  manufacturer. 

Controls  for  the  specificities  of  both  anti-substance  P  and 
anti-somatostatin  immunocytochemistry  consisted  of  sub¬ 
stituting  normal  rabbit  serum  or  blocked  antiserum  for 
substance  P  or  somatostatin  antiserum  in  the  staining 
procedure.  Blocked  antiserum  was  produced  by  adding 
100  p.g  of  substance  P  or  somatostatin  to  1  ml  of  diluted 
substance  P  or  somatostatin  antiserum. 

RNA  probes:  s;fnthesis  and  in  situ  hybridization 

Two  cDNAs  were  used  as  templates:  clone  cHSPpl  1  is  a 
345-base  pair  cDNA  for  preprotachykinin  c  ntaining  exons  2 
to6  of  the  gene,  isolated  from  a  human  brain  library  ( Affolter 
et  at.,  1985);  the  done  used  for  preprosomatostatin  is  a 
400-base  pair  cDNA  encoding  preprosomatostatin  se¬ 
quences,  isolated  from  rat  medullary  thyroid  carcinoma 
(Goodman  etal.,  1982).  Specificity  of  hybridization  for  both 
probes  has  been  previously  characterized  by  Northern  blot 
analysis  (Goodman  el  al.,  1982;  Affolter  et  al.,  1985). 

Both  cDNAs  were  inserted  into  the  transcription  vectors 
pSP65(Promega  Biotech,  Madison,  WI),  restricted  appropri¬ 
ately,  and  transcribed  according  to  the  manufacturer's 
specifications  using  2.5  |iW  “S-UTP  (1000  Ci  mmol  '.  New 
l^gland  Nuclear)  and  10  p.M  unlabelled  UTP.  All  other 
nucleotides  were  unlabelled  and  present  in  large  excess.  For 
preprotachykinin,  cDNAs  were  inserted  in  either  direction 
with  regard  to  the  SP6  promoter,  resulting  in  the  synthesis  of 
both  sense  (identical  to  the  cellular  mRNA  (control)]  and 
antisense  (complementary  to  the  cellular  mRNA  (test)]  RNA 
probes.  Only  the  antisense  mRNA  was  synthesized  for 
preprosomatostatin. 

Hybridization  was  performed  according  to  the  method  of 
Chesselet  et  al.  (1987).  Briefly,  mounted  tissue  was  rinsed  in 
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buffer,  acetylated,  treated  with  glycine  in  Tris  HCl,  dehy¬ 
drated  and  air  dried.  Two  to  5  ng/slide  of  “S-RNA  probe  in 
25  of  hybridization  mixture  [40%  formamide,  10% 
dextran  sulfate,  4  x  SSC  (1  x  SSC:  0.15  M  sodium  chloride 
and  0.015  M  sodium  citrate),  10  mM  dithiothreitol,  1  ng  ml"' 
sheared  salmon  sperm  DNA,  1  mg  ml''  Exherichia  colt 
tRNA,  1  X  Denhardt's  solution  (0.02%  Ficoll,  0.02%  poly¬ 
vinyl  pyrolidone,  10  ml"'  bovine  serum  albumin)]  were 
placed  on  each  slide.  Hybridization  was  carried  out  in  humid 
chambers  for  3.5  h  at  50“  C.  Post-hybridization  procedures 
included  washes  in  50%  formamide/2  x  SSC  at  52“  C, 
treatment  with  RNase  A,  and  rinses  in  buffer.  After  an 
overnight  wash  in  2  x  SSC  containing  Triton-X-100,  slides 
were  rinsed,  dehydrated,  delipidated  and  air  dried.  Auto¬ 
radiography  was  carried  out  using  NTB-3  emulsion  (Kodak). 
Slides  were  placed  in  light-tight  boxes  and  exposed  at  4“  C 
for  3-8  weeks,  developed  (D-19;  Kodak),  fixed  and 
counterstained  with  haematoxylin  and  eosin. 

DNA  probe:  s}/nthesis  and  in  situ  hybridization 

A  39-base  oligonucleotide  probe  was  synthesized  according 
to  previously  published  procedures  (Arentzen  etal.,  1985). 
This  probe  was  complementary  to  the  3'-coding  region  of  rat 
somatostatin  mRNA  and  was  3'-end-labelled  with  ®S-dATP 
and  separated  as  described  elsewhere  (Lewis  eial.,  1986). 
The  probe  has  previously  been  shown  to  be  sensitive  to 
RNase  treatment,  to  recognize  a  single  species  of  RNA  by 
Northern  blot  analysis,  and  to  possess  a  T„  within  4“  C  of  the 
theoretical  (Card  et  ai,  1988). 

fn  situ  hybridization  was  performed  according  to  pre¬ 
viously  published  procedures  (Wolfson  et  al.,  1985;  Davis 
etal.,  19^;  Lewis  etal,,  1986;  Baldino  etal.,  1988a,  1988b). 
Pre-hybridization  steps  included  incubation  of  the  mounted 
tissue  in  proteinase  K  (1  u.g  mf  in  20  mM  Tris-HCl,  2  mM 
CaCl:),  delipidation,  rehydration  and  rinses  in  distilled 
water.  The  tis.,ue  was  incubated  overnight  at  37“  C  in  50  ^.1 
hybridization  buffer  (50%  formamide,  10%  dextran  sulfate, 
10  mM  dithiothreitol,  4  x  SSC,  0.1%  SDS,  0.1%  denatured 
salmon  sperm  DNA,  0.1%  denatured  yeast  RNA,  10  x  Den¬ 
hardt's  solution)  which  contained  the  ^^labelled  probe 
(1.5  X  10“  cpm).  The  following  day  the  sections  were 
washed  in  2  x  SSC  and  rinsed  in  decreasing  concentrations 
of  SSC  containing  14  mM  p-mercaptoethanol  and  1% 
sodium  thiosulfate  to  a  final  stringency  of  0.5  x  SSC,  air 
dried  and  coated  with  NTB-2  emulsion  (Kodak).  Tissue  was 
exposed  at  4“  C  for  2-4  weeks  in  light-tight  boxes,  developed 
(D-19;  Kodak),  fixed  and  counterstained  with  cresy^  violet. 

Data  collection  and  analysis 

For  analysis  of  results  obtained  with  both  in  situ  hybridiz¬ 
ation  histochemistry  and  immunocytochemistry,  longitudi¬ 
nal  sections  of  dorsal  root  ganglia  were  outlined  using  a 
camera  lucida.  Every  neuronal  soma  containing  a  nucleus  in 
a  section  of  dorsal  root  ganglion  was  traced.  The  circum¬ 
ferences  of  all  neuronal  perikarya  were  measured  using  a 
planimeter,  the  cross-sectional  area  was  calculated,  and  the 
cell  was  scored  as  labelled  or  unlabelled.  For  immunocyto- 
chemical  reactions,  labelled  cells  were  readily  differentiated 
from  unlabelled  cells  by  the  presence  of  a  moderate  to  very 
dense  brown  immunoreaction  product  in  the  cytoplasm.  For 
in  situ  hybridization  histochemistry,  a  cell  was  scored  as 


labelled  if  at  least  10  reduced  silver  grains  were  present  in  the 
emulsion  overlying  the  cytoplasm  (background  was 
approximately  1  grain/cell  body).  Three  representative  sec¬ 
tions  of  a  dorsal  root  ganglion  were  analysed  for  each  of 
three  animals.  Thus,  immunoreactive  or  hybridization  posi¬ 
tive  cells  were  mapped  and  counted  in  nine  sections  of 
dorsal  root  ganglia  for  each  of  the  following  experiments: 
tachykinin  immunocytochemistry,  p-preprolachykinin 
mRNA  in  situ  hybridization,  somatostatin  immunocyto¬ 
chemistry,  and  preprosomatostatin  mRNA  in  situ  hybridiz¬ 
ation. 

Histograms  representing  the  cross-sectional  area  of  every 
cell  were  compiled  in  order  to  compare  the  distribution  of 
the  labelled  cells  with  the  total  cell  populations.  The  mean 
cross-sectional  areas  of  the  labelled  cells  were  compared 
with  the  mean  cell  areas  of  the  total  dorsal  root  ganglion 
population  for  each  of  the  four  experiments.  Results  ob¬ 
tained  with  in  situ  histochemistry  were  compared  to  those 
obtained  by  immunocytochemistry  and  the  ratios  of  the 
labelled-cell  population  and  the  total  cell  population  were 
determined.  Differences  between  mean  proportions  were 
analysed  with  Student's  t-test. 

Results 

TACHYKININ 

Preprotachykinin  in  situ  hybridization  histochemistry 
In  situ  hybridization  using  the  cHSPpll  labelled 
transcript  identifies  dorsal  root  ganglion  cells  which 
contain  p-preprotachykinin  mRNA  (Fig.  lA).  Cells 
hybridizing  with  the  antisense  probe  are  located 
throughout  the  dorsal  root  ganglia;  no  labelled  cells 
are  seen  using  the  sense  probe.  The  distribution  of 
neurons  expressing  p-preprotachykinin  mRNA  does 
not  show  a  dorsal-ventral  or  lateral-medial  bias, 
although  this  was  not  systematically  quantified. 

The  distribution  of  the  population  of  neurons  hy¬ 
bridizing  with  the  probe  for  p-preprotachykinin 
mRNA  as  compared  to  the  entire  neuronal  population 
is  presented  in  the  histogram  in  Fig.  2A.  Neurons 
containing  mRNA  for  p-preprotachykinin  comprise 
an  average  of  17%  of  the  total  number  of  dorsal  root 
ganglion  somata  in  each  dorsal  root  ganglion,  and  the 
distribution  of  these  neurons  is  centred  in  the  smaller 
range  of  cell  areas.  The  labelled-cell  areas  range  from 
92  to  940  pm^,  with  an  average  cross-sectional  area  of 
420  pm^,  unlabelled  cells  range  from  86  to  4378  pm^ 
(see  Table  1). 

Tachykinin  immunocytochemistry 

Tachykinin-immunoreactive  cells  are  distributed 
throughout  the  ganglion.  Figure  2B  illustrates  the 
distribution  of  the  labelled-cell  population  as  a  func¬ 
tion  of  cell  area,  compared  to  the  distribution  of  the 
total  cell  population.  The  labelled  cells  belong  to  the 
small  cell  class,  with  an  average  cross-sectional  area  of 
460  pm*;  the  range  for  labelled  cells  120-1112  pm* 
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Fig.  1.  (A)  An  in  situ  autoradiograph  showing  cells  labelled  for  B-preprotachykinin  mRNA  (arrows).  Silver  grains  are  black 
and  are  localized  in  the  emulsion  overlying  the  somata.  (B)  An  adjacent  section  stained  immunocytochemically  showing  the 
same  cells  expressing  tachykinin-like  immunoreactivity  (arrows).  Magnification  bar  equals  25  |im. 


Table  1.  Summary  of  results  (mean  ±  SEM) 


%  Labelled 

cells/tolal 

cells 

Mean  cross- 
sectional 
area  of 
labelled  cells 

Size  range  of 
labelled  cells 
(/n-m’) 

TACHYKININ 

In  situ  histochemistry 

17,4  ±  4.2 

420  ±  12.9 

92-940 

Immunocytochemistry 

21.0  ±  6.1 

460  ±9.6 

120-1112 

SOMATOSTATIN 

In  situ  histochemistry 

10.0  ±2.1 

600  ±  16.9 

240-1340 

Immunocytochemistry 

8.6  ±2,0 

653  ±  19.3 

170-1840 

whereas  the  total  population  of  neurons  ranges  from 
95  to  3980  p.m^.  Approximately  21%  of  the  neurons  in 
each  dorsal  root  ganglion  are  labelled  (see  Table  1). 

A  comparison  of  the  ratios  of  hybridized  or 
immunoreactive  cells  to  total  cell  population  shows 
that  the  percentages  of  cells  labelled  by  the  two 


methods  are  not  different  (P  >0.05).  Moreover,  com¬ 
parison  of  the  mean  somal  areas  of  cells  labelled  with 
in  situ  hybridization  histochemistry  with  the  areas  of 
the  immunocytochemically  labelled  neurons  demon¬ 
strates  that  there  is  no  statistical  difference  between 
the  two  populations  (P>0.05).  Therefore,  the  two 
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Fig.  2.  Histograms  showing  the  distributions  of  neurons  labelled  for  p-preprotachykinin  mRNA  using  in  situ  hybridization 
histochemist^  (A)  (cell  number  =  2050)  and  the  distribution  of  neurons  that  contain  the  tachykinin-like  immunoreactive 
product  determined  with  immunocytochemistry  (B)  (cell  number  =  2247)  in  lumbar  dorsal  root  ganglia.  Black  bars  refer  to 
labelled  cells,  white  bars  to  the  unlabelled  population.  The  histograms  illustrate  that  the  populations  labelled  by  the  two 
methods  have  similar  distributions. 
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Fig.  3.  (A)  In  situ  autoradiograph  of  a  densely  labelled  cell  using  an  RNA  probe  for  preprosomatostatin  (arrowhead). 
Photomicrographs  of  adjacent  sections  of  dorsal  root  ganglia  showing  two  neuronal  somata  (arrows)  labelled  for  the  mRNA 
for  the  precursor  peptide,  preprosomatostatin  (B)  and  the  peptide  itself  (C).  The  in  situ  autoradiograph  in  (B)  was  obtained  by 
hybridization  with  an  RNA  probe  for  preprosomatostatin.  Magnification  bar  equals  25  |im. 

Fig.  4.  An  in  situ  autoradiograph  showing  a  cell  labelled  for  the  mRNA  for  preprosomatostatin  using  a  DNA  synthetic 
oligonucleotide  probe  (A).  The  same  cell  is  shown  stained  with  anti-somatostatin  antibody  (B)  in  an  adjacent  section. 
Magnification  bar  equals  25  itm. 


techniques  appear  to  be  equally  sensitive  and  to  label 
the  same  cell  populations. 

In  order  to  test  this  result,  we  used  adjacent  sections 
to  determine  whether  single  cells  that  contain  mRNA 
for  P'preprotachykinin  are  the  same  cells  that  contain 
tachykinin.  Figure  1  shows  neuron  cell  bodies  seen  in 
adjacent  sections  of  a  dorsal  root  ganglion  that  are 
labelled  both  autoradiographically  for  p-preprotachy- 
kinin  mRNA  (Fig.  1  A)  and  immunocytochemically  for 
tachykinin'like  immunoreactivity  (Fig.  IB).  Thus,  in¬ 
dividual  positive  cells  contain  both  the  mRNA  encod¬ 


ing  the  precursor  peptide  and  the  peptide  itself. 
SOMATOSTATIN 

Preprosomatostatin  in  situ  hybridization  histochemistry 

RNA  and  DNA  probes  identify  cells  containing  mRNA 
for  preprosomatostatin  in  dorsal  root  ganglia  (Figs  3A, 
B;  4A).  The  RNA  probe  labels  9.8%  of  neurons  with  an 
average  cell  size  of  615  p.m^  whereas  the  DNA  probe 
labels  10.1%  of  the  total  cell  population  with  an 
average  cell  size  of  598  p.m^  (Fig.  5A).  Statistical 
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Fig.  5.  Histograms  showing  the  distributions  of  neurons  labelled  for  preprosomatostatin  mRNA  using  in  situ  hybridization 
histochemistry  (A)  (cell  number  =  29%)  and  the  distribution  of  neurons  labelled  immunocytochemically  with  anti¬ 
somatostatin  antibody  (B)  (cell  number  =  1968)  in  dorsal  root  ganglia. 
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analysis  confirms  equal  sensitivity  of  the  two  probes 
(P  >  0.05).  Thus,  data  from  the  two  were  combined  for 
all  following  analyses. 

Approximately  K)%  of  the  total  population  of  dorsal 
root  ganglion  neurons  contain  mRNA  for  prepro¬ 
somatostatin.  The  average  cross-sectional  area  of 
these  cells  is  600  p,m^,  placing  them  in  the  small 
category  of  dorsal  root  ganglion  neuronal  somata.  The 
areas  of  the  labelled  cells  range  from  240  to  1340  jim^, 
while  the  total  population  of  dorsal  root  ganglion 
neurons  ranges  from  104  to  4506  p.m^.  Therefore, 
some  somatostatin  cells  are  larger  than  those  labelled 
with  the  3-preprotachykinin  probe,  but  they  still 
belong  to  the  small  subclass  of  dorsal  root  ganglion 
neurons  (see  Table  1). 

Somatostatin  immunociftochemistiy 

The  distribution  of  sOmatostatin-immunoreactive 
neurons  is  displayed  in  the  histogram  in  Fig.  5B. 
Approximately  8.6%  of  the  total  population  are  label¬ 
led  immunocytochemically.  The  histogram  appears 
qualitatively  similar  to  that  seen  in  Fig.  5A  for  prepro¬ 
somatostatin  mRNA;  labelled  cells  range  in  area  from 
170  to  1840  ^l.m^  while  the  total  cells  range  in  area  from 
98  to  4004  jtm^.  The  average  area  is  653  fim^  (see  Table 
1). 

Statistical  comparison  of  the  mean  soma!  areas 
labelled  with  in  situ  hybridization  histochemistry  for 
preprosomatostatin  mRNA  as  compared  to  immuno- 
cytochemistry  for  somatostatin  does  not  show  a  sig¬ 
nificant  difference  (P  >  0.05),  nor  does  a  comparison 
of  the  percentage  of  labelled  cells  (P  >  0.05)  across  the 
two  techniques,  indicating  that  the  same  population  of 
cells  is  labelled  by  the  two  techniques. 

We  examined  adjacent  sections  of  dorsal  root 
ganglia  labelled  for  preprosomatostatin  mRNA  and 
somatostatin  immunocytochemistry  in  order  to  con¬ 
firm  that  individual  cells  labelled  by  probes  for  prepro¬ 
somatostatin  mRNA  also  contain  the  somatostatin 
peptide.  Labelling  with  RNA  (Figs  3A,  B)  and  DNA 
(Fig.  4A)  probes  was  compared.  Figure  3B  shows  an 
autoradiograph  depicting  two  cells  labelled  with 
mRNA  for  preprosomatostatin  hybridized  with  an 
RNA  probe,  while  Fig.  3C  shows  the  same  two 
neurons  stained  for  the  peptide  in  an  adjacent  section. 
In  Fig.  4A  a  cell  labelled  with  a  synthetic  oligonucleo¬ 
tide  DNA  probe  for  preprosomatostatin  is  illustrated. 
In  an  adjacent  section  (Fig.  4B)  the  same  cell  is  labelled 
for  the  peptide.  Individual  somata  that  contain  mRNA 
for  preprosomatostatin  therefore  also  contain  the 
peptide  and  this  can  be  shown  with  equivalent  sensi¬ 
tivity  by  both  RNA  and  DNA  hvbridization  probes. 

Discussion 

The  principal  findings  of  the  present  study  are  that 
mRNAs  encoding  neurotransmitter  peptides  can  be 


visualized  within  individual  dorsal  root  ganglion 
neurons  by  in  situ  hybridization  histochemistry,  and 
that  neurons  that  produce  the  preprosomatostatin 
mRNA  are  the  same  as  those  which  contain  somato- 
statin-immunoreactivity;  cells  which  produce  one  of 
the  mRNAs  for  preprotachykinin  contain  tachykinin- 
immunoreactivity .  The  cell  populations  labelled  by  the 
two  methods  are  similar,  indicating  equal  sensitivities 
of  the  two  techniques  for  these  substances. 

The  discrete  distribution  of  neuronal  labelling 
observed,  as  well  as  the  correspondence  between  the 
cells  labelled  with  in  situ  hybridization  histochemistry 
and  those  labelled  by  immunocytochemistry,  strongly 
argues  for  the  specificity  of  the  hybridization  in  our 
experimental  conditions.  This  is  further  confirmed  by 
the  absence  of  labelling  in  sections  hybridized  with  a 
sense  RNA  probe  identical  to  p-preprotachykinin 
mRNA,  the  difference  in  labelling  obtained  with  RNA 
probes  complementary  to  two  different  mRNAs 
(preprosomatostatin  and  p-preprotachykinin),  and 
the  observation  that  DNA  and  RNA  probes  for  prepro¬ 
somatostatin  mRNA  labelled  the  same  population  of 
neurons.  The  specificity  of  the  labelling  patterns  is  in 
agreement  with  previous  observations  that  these 
probes  label  discrete  populations  of  brain  neurons 
corresponding  to  cells  expressing  immunoreactivity  to 
somatostatin  (Arentzen  etai,  1985;  Chesselet  &  Rob¬ 
bins,  1987;  Baldino  etal.,  1988b;  Card  etal.,  1988; 
Fitzpatrick-McElligott  etal.,  1988)  or  tachykinins 
(Chesselet  &  Affolter,  1987;  Chesselet  cfi?/.,  1987).  The 
direct  demonstration  of  similar  results  with  "S- 
radiolabelled  RNA  and  oligonucleotide  (DNA)  probes 
indicates  that,  under  the  conditions  employed,  both 
probes  display  similar  sensitivity  for  the  detection  of 
preprosomatostatin  mRNA  in  dorsal  root  ganglion 
neurons.  In  situ  hybridization,  unlike  Northern  blot 
analysis,  allows  preprotachykinin  and  preprosomalo- 
statin  mRNAs  to  be  detected  and  counted  in  single 
neurons  while  preserving  the  structure  of  the  dorsal 
root  ganglion.  Northern  blot  analysis  requires  pooling 
of  several  dorsal  root  ganglia  to  obtain  precise  quanti¬ 
tation,  with  consequent  loss  of  information  about 
individual  dorsal  root  ganglia  or  neurons  (Tessler  & 
Hudson,  unpublished  observations). 

Our  immunocytochemical  results  are  in  accord  with 
previously  published  literature.  Neurons  immuno- 
reactive  for  substance  P  comprise  approximately  20% 
of  dorsal  root  ganglion  neurons  (Hdkfelt  etal.,  1976; 
Price,  1985;  Tuchscherer  &  Seybold,  1985)  and  those 
immunoreactive  for  somatostatin  represent  approxi¬ 
mately  10%  (Hokfelt  etal.,  1976;  Price,  1985).  The 
mean  cell  size  of  somatostatin-immunoreactive  dorsal 
root  ganglion  neurons  is  larger  than  that  of  neurons 
immunoreactive  for  substance  P  (see  also  Price,  1985), 
but  both  populations  are  within  the  size  range  of  the 
'small  dark'  dorsal  root  ganglion  neurons  which  have 
been  defined  histologically  (Hokfelt  etal.,  1976;  Price, 
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1985).  The  finding  that  the  mean  cell  size  of  the 
neurons  immunoreactive  for  somatostatin  differs  from 
that  of  neurons  immunoreactive  for  tachykinin  is 
consistent  with  previous  suggestions  that  the  two 
populations  of  neurons  are  largely  distinct  (Hokfelt 
etal.,  1976;  Price,  1985),  but  does  not  exclude  the 
{Tossibility  that  somatostatin  and  substance  P  are 
co-localized  in  individual  neurons,  as  has  been  re¬ 
ported  for  lumbar  dorsal  root  ganglia  of  the  cat 
(Johnson  et  al.,  1987).  ' 

The  correspondence  between  these  numbers  and 
those  obtained  for  the  neuronal  populations 
expressing  p-preprotachykinin  and  preprosomato¬ 
statin  mRNA  strongly  suggests  that  the  respective 
mRNAs  and  peptides  coexist  in  the  same  cell.  This 
suggestion  was  confirmed  by  our  demonstration  of 
mRNA  and  peptide  coexistence  in  cells  studied  in 
adjacent  sections  as  has  been  shown  by  others  (Uhl  & 
Sasek,  1986;  Goedert  &  Hunt,  1987).  Therefore,  the 
results  indicate  that  expression  of  the  specific  genes 
encoding  somatostatin  and  tachykinin  precursors 
occurs  in  those  neurons  that  contain  the  immunoreac¬ 
tive  peptide.  This  rules  out  the  possibility  that  a  major 
portion  of  these  peptides  reaches  the  dorsal  root 
ganglion  neurons  through  an  uptake  process  or  were 
synthesized  from  mRNA  species  other  than  those 
recognized  by  the  probes  used  in  this  study.  Similar 
results  for  somatostatin  in  the  central  nervous  system 
have  also  been  reported  (Fitzpatrick-McElligott  etal., 
1988).  However,  in  the  case  of  tachykinins,  neither  the 
antibodies  nor  the  hybridization  probes  can 
distinguish  among  the  closely  related  peptide  prod¬ 
ucts  or  mRNAs  produced  from  the  preprotachykinin 
gene.  At  least  three  tachykinins,  substance  P,  sub¬ 
stance  K  and  neuropeptide  K,  have  been  demon¬ 
strated  in  the  rat  central  nervous  system  (Arai  & 
Emsori,  1986;  Valentino  etal.,  1986),  and  all  of  them  are 
known  to  derive  from  an  alternately  processed  pri¬ 


mary  transcript  from  a  single  gene  (Krause et  al.,  1987). 

For  the  probes  used  in  the  present  study  in  situ 
hybridization  and  immunocytochemistry  label  the 
same  cells  with  comparable  sensitivity.  Studies  from 
this  and  other  laboratories  have  indicated  that  changes 
in  the  content  of  peptides  in  neurons  following  lesions 
can  be  demonstrated  immunocytochemically.  Sub¬ 
stance  P-containing  primary  afferents,  in  particular, 
show  considerable  plasticity  in  response  to  axotomy  of 
their  peripheral  processes  (Tesslerct  a/.,  1985).  It  is  not 
known  whether  the  decrease  in  concentrations  of 
substance  P  (Jessell  et  al.,  1979;  Barbut  et  al.,  1981; 
Ogawa  et  al. ,  1985;  Tessler  et  al.,  1985)  and  substance  K 
(Ogawa  et  al.,  1985)  observed  after  axotomy  is  effected 
at  the  level  of  gene  transcription,  post-translational 
processing  or  both.  The  present  results  suggest  that 
this  question  can  be  directly  addressed  by  combining 
in  situ  hybridization  histochemistry  and  immunocyto- 
chemistry  to  study  the  mechanisms  that  regulate 
metabolic  changes  during  regeneration  in  individual 
neurons  of  the  dorsal  root  ganglia. 
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Abstract 

Plasticity  of  undamaged  projections  (axonal  sprouting)  in  the  adult  and  neonatal  mammalian  spina!  cord  has  been  documented 
many  times,  it  has  been  associated,  in  some  paradigms,  with  recovery  of  specific  functions  and  motor  behavior.  This  mutually 
occurring  recovery  of  function  appears  to  be  enhanced  by  transplants  of  fetal  tissue. 


Introduction 

CNS  injury  is  followed  by  a  period  of  severe  depres¬ 
sion  of  function  which  is  then  succe  ••  wu  by  some  re¬ 
covery  of  function.  Spinal  transection  in  adults  inter¬ 
rupts  the  descending  motor  pathways  [57],  and  results 
in  a  complete  and  permanent  loss  of  descending  con¬ 
trol  of  motor  function.  There  is  also  a  transient  depres¬ 
sion  of  reflex  function  caudal  to  the  lesion  [  14).  Even¬ 
tually,  some  recovery  of  reflex  locomotion,  as  elicited  by 
a  treadmill,  can  be  demonstrated  in  the  hindlimbs  cau¬ 
dal  to  the  transection  [18,19].  The  changes  within  the 
spinal  cord  caudal  to  the  transection  are  likely  to  con¬ 
tribute  to  the  reflex  recovery  [21].  Thus  a  permanent 
loss  of  voluntary  movement  and  a  transient  loss  of 
reflex  function  are  seen  after  the  same  lesion.  The  re¬ 
covery  of  reflex  behavior  implies  plasticity  in  spinal 
segments  below  the  lesion  which  have  been  indirectly 
affected  by  the  transection.  New'  studies  using  fetal 
transplants  into  injured  spinal  cord  offer  the  possibil¬ 
ity  of  enhancing  this  naturally  occurring  plasticity  and 
achieving  greater  recovery  of  function. 

Functional  recovery 

Naturally  occurring  plasticity  in  the  spinal  cord  has 
been  studied  most  thoroughly  in  3  incomplete  spinal 
lesion  preparations:  hemisection,  spared  root,  and  de- 
afTerentation  in  adult  cats  [23].  In  each,  the  pathways 
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that  mediate  recovery  of  motor  behavior  are  the  same 
pathways  that  show  anatomical  plasticity  (sprouting). 

Spinal  cord  hemisection 

The  first  phase  of  recovery  after  spinal  hemisection 
in  the  cat  consists  of  return  of  basic  locomotion  on  a 
platform  and  of  crudely  performed,  high  threshold  pos¬ 
tural  reflexes  such  as  placing.  The  second  phase  con¬ 
sists  of  refinement  of  the  postural  reflexes  and  a  de¬ 
crease  in  the  thresholds  for  eliciting  the  reflexes.  The 
change  in  threshold  may  be  due  to  a  compensatory 
increase  in  afferent  control  of  movements  when  de¬ 
scending  control  has  been  interrupted.  Collateral 
sprouting  of  dorsal  root  afferents  occurs  after  hemisec¬ 
tion  [22,44]  and  the  sprouting  of  dorsal  root  terminals 
may  represent  a  mechanism  underlying  the  increase  in 
reflex  control. 

There  are  also  physiological  changes  after  hemisec¬ 
tion  that  are  consistent  with  a  compensatory  increase 
in  afferent  control  after  a  loss  of  descending  input.  The 
strength  of  the  monosynaptic  stretch  reflex  and  the  cu¬ 
taneous  flexor  reflex  is  increased  [3 1,32]  and  there  is  an 
increase  in  the  number  of  spinal  neurons  responding  to 
cutaneous  input  [11,12,52]  after  hemisection. 

Spared  root  preparation 

The  pattern  of  recovery  after  spared  root  deafferen- 
lation  is  similar  to  that  after  hemisection:  a  lowering  of 
the  threshold  for  postural  reflexes  is  associated  with 
recovery  of  accurate  limb  placement  and  the  return  of 
a  normal  kinematic  pattern  used  in  locomotion.  In  both 
preparations,  dorsal  root  sprouting  may  act  to  increase 
the  afferent  control  of  movement  and  in  this  way  ac- 


count  for  the  recovery  of  motor  behavior.  Spared  de¬ 
scending  pathways  could  contribute  to  recovery  in  both 
cases,  but  most  of  the  recovered  behavior  remained 
after  additional  hemi section,  suggesting  that  primary 
afferent  control  was  largely  responsible  for  recovery 
after  both  types  of  injury.  This  suggests  that  there  may 
be  a  competitive  interaction  among  the  spared  path¬ 
ways  after  a  lesion  and  that  they  do  not  contribute 
equally  to  the  recovery  process. 

The  physiological  changes  after  partial  spinal  cord 
deafferentation  are  consistent  with  the  idea  of  increased 
afferent  control  mediated  by  the  spared  root  in  response 
to  partial  denervation  of  its  terminal  field.  There  is  a 
loss  of  responsiveness  in  the  lateral  dorsal  horn  acutely 
after  an  L6  spared  root  deafferentation  followed  by  a 
recovery  of  responsiveness,  but  the  receptive  field  or¬ 
ganization  has  changed  in  this  portion  of  the  dorsal 
horn  [53],  Proximal  receptive  fields  were  permanently 
lost,  and  this  loss  w'as  compensated  by  an  increase 
of  mixed  receptive  fields.  This  suggested  the  strength¬ 
ening  of  weak  afferent  input  which  might  be  mediated 
by  sprouting  or  other  mechanisms.  Mendell  et  al. 
[42]  recorded  from  spinocervical  tract  cells  after  L7 
spared  root  deafferentation  and  also  found  a  loss  of 
responsiveness  when  peripheral  areas  supplied  by  the 
spared  root  were  stimulated.  There  was  a  subsequent 
recovery’  of  responsiveness  due  to  an  increase  in 
high-threshold  mechanoreceptive  input.  Thus  although 
there  was  recovery,  the  recovered  input  was  not  the 
same,  or  in  the  same  proportions,  as  the  original  nor¬ 
mal  input. 

Hittdii/nh  deafferentation 

To  examine  the  contribution  of  dorsal  roots  to  loss 
and  recovery  of  motor  function,  the  dorsal  roots  L,-S2 
were  cut  on  one  side  of  the  spinal  cord  [20],  The  ini¬ 
tial  deficit  is  more  severe  than  after  hemisection  or 
spared  root  lesions.  The  deafferented  limb  is  not  used 
in  locomotion  but  is  dragged  behind  as  the  animal  walks 
on  three  legs.  The  descending  reflexes,  including  the 
scratch  and  vestibular  placing  reflexes,  are  eliminated. 
All  segmental  reflex  behavior,  including  crossed  reflexes 
from  the  contralateral  hindlimb,  are  abolished.  Recov¬ 
ery  begins  soon,  on  the  second  post-operative  day,  and 
consists  of  participation  of  the  deafferented  limb  in  the 
step  cycle  for  overground  locomotion.  The  frequency  of 
stepping  is  reduced  from  normal.  The  kinematic  pattern 
is  clearly  abnormal  and  the  steps  of  the  deafferented 
limb  are  sometimes  hypermetric  and  sometimes  hypo- 
metric.  During  the  first  postoperative  week  there  is  some 
recovery  of  the  descending  scratch  and  vestibular  re¬ 
flexes.  By  the  second  post-operative  week  the  limb  can 
be  used  for  accurate  placement  on  a  narrow  (5  cm) 


runw’ay.  Although  weight-bearing  is  somewhat  defi¬ 
cient,  the  animals  can  place  thv  limbs  under  the  center 
of  gravity  and  bear  weight,  initially  there  are  many 
errors  but  the  number  of  errors  decreases  and  the  speed 
of  crossing  increases. 

After  hemisection  or  spared  root  deafferentation,  the 
relationship  between  postural  reflex  recovery  and  re¬ 
covery  of  locomotion  could  be  examined.  Since  all  af¬ 
ferent  input  has  been  eliminated  on  one  side  in  the 
completely  deafferented  model,  a  similar  analysis  can¬ 
not  be  carried  out.  However,  it  is  possible  to  compare 
descending  control  of  locomotor  recovery  and  reflex 
control.  Overground  locomotion  depends  on  the  pres¬ 
ence  of  descending  input.  Quadrupedal  treadmill  loco¬ 
motion  requires  descending  input  of  the  propriospinal 
system  but  does  not  require  supraspinal  control.  Bipe¬ 
dal  hindlimb  locomotion  requires  only  segmental  sys¬ 
tems  and  it  recovers  after  complete  spinal  transection. 
When  these  three  types  of  locomotion  are  examined 
after  deafferentation,  it  becomes  clear  that  the  recovery 
is  selective.  Overground  locomotion  on  the  runway  be¬ 
gins  to  recover  during  the  first  week.  Quadrupedal  lo¬ 
comotion  on  the  treadmill  begins  to  recover  during  the 
second  week  and  the  frequency  of  stepping  of  the  deaf¬ 
ferented  limb  is  permanently  reduced.  Bipedal  locomo¬ 
tion  on  the  treadmill  does  not  recover  at  all.  This  im¬ 
plies  that  activation  of  the  deafferented  limb  requires 
descending  supraspinal  or  propriospinal  input  but  that 
segmental  input  activated  by  the  contralateral  hindlimb 
is  inadequate.  Thus  recovery  of  locomotion  is  mediated 
by  descending  systems  but  not  by  segmental  systems, 
or  segmental  systems  by  themselves  cannot  mediate 
locomotion  after  deafferentation. 

This  result  was  surprising  considering  that  the  spi¬ 
nal  pattern  generator  for  locomotion  remained  intact. 
We  considered  that  after  deafferentation,  the  deaffer¬ 
ented  limb  might  be  dominated  by  .some  descending 
inhibitory  system.  If  this  were  true,  then  removal  of 
descending  input  after  recovery  from  deafferentation 
might  release  the  deafferented  limb  from  inhibition  and 
permit  the  return  of  bipedal  hindlimb  stepping.  There¬ 
fore  the  spinal  cord  was  transected  after  the  recovery 
from  deafferentation  had  retiched  a  plateau.  There  was 
no  subsequent  recovery  of  locomotion  in  the  deaffer¬ 
ented  limb  and  even  the  recovery  of  locomotion  on  the 
other  side  was  slow'er  and  less  extensive  than  in  other¬ 
wise  intact  spinal  cats.  An  alternative  explanation  for 
the  results  is  that  there  is  simply  inadequate  facilitation, 
after  deafferentation,  to  activate  locomotor  circuits  on 
the  deafferented  side  vvhen  descending  pathways  arc 
inactivated  by  the  behavioral  conditions  (i.e.  when  bi¬ 
pedal  rather  than  quadrupedal  locomotion  is  tested)  or 
by  transection. 
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These  behavioral  observations  cannot  completely 
define  the  mechanisms  underlying  recovery.  The  ana¬ 
tomical  patterns  seen  after  chronic  deafferentation  are, 
however,  consistent  with  the  pattern  of  recovery.  First, 
there  is  a  complete  recovery  of  terminal  number  in  major 
target  areas  of  the  dorsal  roots  [43].  Second,  when  the 
distribution  of  staining  using  a  monoclonal  antibody 
specific  for  dorsal  roots  is  examined,  it  is  clear  that  the 
deafferented  side  remains  depleted  of  dorsal  root  input 
and  that  dorsal  roots  from  the  intact  side  do  not  invade 
deafferented  regions  [22].  This  is  consistent  with  the 
observation  that  recovery  does  not  depend  on  con¬ 
tralateral  systems.  Third,  an  intemeuronal  system  con¬ 
taining  substance  P  and  a  descending  system  contain¬ 
ing  serotonin  both  exhibit  increases  in  transmitter 
content  in  the  dorsal  horn  after  deafferentation  [60]. 
This  is  consistent  with  the  idea  that  descending  control 
is  important  in  mediating  recovery  of  locomotion  after 
deafferentation. 

Intraspinal  transplants 

The  amount  of  recovery  that  occurs  spontaneously 
is  qualitatively  obvious  and  quantifiable  but  neverthe¬ 
less  limited.  This  naturally  occurring  plasticity  of  spinal 
neurons  can  however  be  extended  or  enhanced  by  in¬ 
troducing  transplants  into  damaged  spinal  cord. 

Heterotypic  transplants 

Transplants  of  specific  cell  types  have  been  inserted 
into  a  damaged  spinal  cord  with  the  goal  of  restoring 
function  mediated  by  those  cell  types.  Monoamines 
administered  systemically  after  spinal  cord  transection 
can  activate  the  intrinsic  spinal  cord  circuitry  that  me¬ 
diates  locomotor  [17]  or  autonomic  [41)  function. 
Brainstem  monoaminergic  neurons  also  can  restore 
function  without  reconstituting  damaged  neuronal  cir¬ 
cuits  [4,46].  Both  brainstem  catecholaminergic  neurons 
important  for  locomotion  and  serotonergic  neurons  im¬ 
portant  for  autonomic  function  have  been  transplanted 
into  the  caudal  region  of  transected  spinal  cord  [48]. 
The  transplanted  noradrenergic  locus  coeruleus  and 
serotonergic  mesencephalic  or  medullary  raphe  neu¬ 
rons  extend  axons  for  up  to  1-2  cm  into  host  spinal 
cord  [5,15,16,45,46],  restore  levels  of  neurotransmitter 
depleted  by  the  transection  [50,51],  and  terminate  in 
the  same  regions  as  in  normal  spinal  cord  [45,50,51]. 
Transplanted  serotonergic  axons  establish  synapses 
on  host  motoneurons  and  neurons  in  the  host  inter- 
mediolateral  column  that  are  similar  to  those  formed 
by  brainstem  serotonergic  axons  in  normal  spinal  cord 
[50,51].  The  projections  of  transplanted  locus  cocr- 
uleus  neurons  have  not  yet  been  examined. 


Both  types  of  transplanted  brainstem  monoaminer¬ 
gic  neurons  have  been  shown  to  contribute  to  recovery 
in  experimental  models  of  spinal  cord  injury  .  Trans¬ 
plants  of  embryonic  raphe  serotonergic  neurons  medi¬ 
ate  recovery  of  reflex  ejaculation  in  spinal  rats  [50,5 1  ]. 
Transplanted  noradrenergic  locus  coeruleus  neurons 
are  thought  to  account  for  the  recovery  of  hindlimb 
flexion  reflexes  in  rats  whose  catecholamines  have  been 
chemically  depleted  [13]  and  for  the  recovery  of  reflex 
stepping  activity  in  rats  whose  spinal  cord  has  been 
transected  [61].  These  embryonic  transplants  therefore 
contribute  to  behavioral  recovery  although  they  have 
been  placed  in  the  spinal  cord  caudal  to  transection  and 
cannot  be  regulated  normally  by  the  host  or  restore  the 
damaged  neuronal  circuits.  The  activation  of  intrinsic 
spinal  cord  networks  by  the  release  of  transmitter  onto 
or  in  the  vicinity  of  the  normal  targets  of  these  neurons 
appears  to  be  adequate  to  account  for  the  recovery  of 
these  behaviors. 

The  recovery  of  other  types  of  behavior  lost  after 
spinal  cord  injury  is  likely  to  require  more  faithful 
reconstruction  of  the  damaged  neuronal  circuits. 
Additional  strategies  using  peripheral  nerve  grafts  or 
embryonic  spinal  cord  transplants  have  therefore 
been  developed.  Such  transplants  may  contribute  to 
the  restoration  of  function  in  at  least  3  ways:  (i)  by- 
rescuing  axotomized  neurons  that  would  othervxise 
die;  (ii)  by  serving  as  a  conduit  for  the  regrowlh 
of  damaged  host  axons  directly  across  an  area  of 
damage;  (iii)  by  serving  as  a  site  in  which  relays  are 
established  between  neurons  in  host  spinal  cord  and 
neurons  in  the  transplant  which  may  project  to  host 
neurons. 

Segments  of  peripheral  nerve  rescue  axotomized  ret¬ 
inal  ganglion  cells  [59]  and  when  inserted  into  the  spi¬ 
nal  cord  support  the  elongation  of  intraspinal  axons 
[28,55,56].  The  axons  of  dorsal  root  ganglion  (DRG) 
neurons  and  those  that  originate  from  neurons  whose 
perikarya  are  located  close  to  the  site  of  insertion  ap¬ 
pear  favored  to  grow.  The  axons  of  supraspinal  neu¬ 
rons  that  have  been  injured  further  from  their  perikarya 
are  less  likely  to  project  into  the  grafts  [56].  CN S  axons 
can  grow  within  the  peripheral  nerve  graft  for  distances 
that  exceed  their  normal  length,  and  retinal  axons  es¬ 
tablish  synapses  on  normal  target  neurons  that  retain 
the  normal  morphological  features  and  activate  the  tar¬ 
get  neurons  (reviewed  in  [2]).  After  leaving  the  periph¬ 
eral  nerve  graft,  however,  the  CNS  axons  show  very- 
limited  growth  within  the  host  parenchyma  and  termi¬ 
nate  within  1-2  mm  of  the  end  of  the  graft  [  1  j.  Periph¬ 
eral  nerve  grafts  have  contributed  a  great  deal  to  our 
understanding  of  the  importance  of  the  neuron's  envi¬ 
ronment  for  regeneration,  but  their  contribution  to 


functional  recovery  after  spinal  cord  injury  has  received 
little  attention. 

Homolypk  tmnspkims 

80-90",,  of  embryonic  spinal  cord  transplants  now 
survive  in  the  acutely  injured  spinal  cord  of  adult  and 
newborn  rats  [3,54]  and  in  the  chronically  injured  spi¬ 
nal  cord  of  adult  rats  [27],  Transplants  also  survive  in 
the  completely  severed  spinal  cord  [29,49],  Although 
they  lack  the  characteristic  butterfly  shape  of  normal 
spinal  cord  gray  matter,  several  morphological  features 
of  these  transplants  encourage  the  expectation  that 
transplants  can  contribute  to  the  reconstruction  of  in¬ 
terrupted  neuronal  circuits  and  replace  damaged  pop¬ 
ulations  of  spinal  cord  neurons.  For  example,  areas 
develop  within  transplants  that  resemble  substantia  ge- 
latinosa  [35],  supporting  the  hypothesis  that  trans¬ 
plants  might  function  as  relays.  The  astrocytic  reaction 
that  develops  between  transplant  and  host  is  interrupted 
by  regions  in  which  the  tissues  are  apposed  and  pro¬ 
cesses  pass  from  one  to  the  other  [54].  Transplants 
may  aiso  reduce  the  extent  of  the  astrocytic  scarring 
that  follow's  spinal  cord  injury  [27,38],  which  is  thought 
to  represent  an  obstacle  to  regeneration. 

The  connectivity  between  transplants  and  adult 
hosts  has  been  studied  by  tract  tracing  and  immuno- 
cytochemical  techniques,  and  electrophysiological 
methods  are  beginning  to  be  employed.  Fetal  spinal 
cord  neurons  transplanted  into  adult  spinal  cord  form 
an  extensive  network  of  connections  with  one  another, 
but  few  donor  neurons  extend  processes  into  host  spi¬ 
nal  cord,  and  most  of  these  terminate  near  the  interface 
between  transplant  and  host  [36].  The  number  of  host 
spinal  neurons  that  extend  processes  into  transplants  is 
also  limited,  and  the  perikarya  of  most  of  these  are 
located  within  0.5  mm  of  the  interface  [36].  Only  a  few 
corticospinal  [8,37]  or  serotonergic  brainstem  [54] 
axons  are  found  within  transplants  placed  into  aspira¬ 
tion  cavities  made  in  adult  spinal  cord,  and  these  axons 
also  penetrate  only  a  short  distance  into  the  transplants. 
In  adult  hosts,  therefore,  it  seems  unlikely  that  trans¬ 
plants  can  function  as  conduits  that  will  allow  regen¬ 
erating  axons  to  traverse  a  region  of  injury.  When  trans¬ 
plants  are  placed  into  cxcitotoxic  rather  than  aspiration 
lesions  where  cells  are  killed  but  axons  spared  and  the 
observed  growth  represents  axonal  sprouting  rather 
than  regeneration,  central  monoaminergic  and  dorsal 
root  axons  immunoreactive  for  calcitonin  gene-related 
peptide  (CGRP)grow  more  robustly  than  corticospinal 
or  rubrospinal  axons  [47]. 

The  possibility  that  embryonic  spinal  cord  trans¬ 
plants  might  function  as  the  site  of  relays  between  sets 
of  injured  adult  axons  has  been  tested  by  studying  the 


ability  of  cut  dorsal  roots  to  regenerate  into  transplants 
[58].  The  cut  central  processes  of  DRG  neurons  can¬ 
not  regenerate  into  adult  spinal  cord  in  the  absence  of 
a  transplant,  but,  when  provided  with  a  transplant,  at 
least  the  subset  of  dorsal  roots  that  contains  CGRP 
grows  in  sufficient  numbers  to  allow  features  of  their 
growth  to  be  analyzed  quantitatively  [26,33,34,58].  The 
terminals  of  regenerated  CGRP-containing  dorsal  roots 
form  synapses  with  transplant  neurons;  as  in  lamina  I 
of  normal  dorsal  horn,  most  of  these  are  axodendritic 
and  simple  and  complex  synaptic  contacts  are  present 
in  proportions  similar  to  normal  [33].  Differences  be- 
iween  the  synapses  formed  in  transplants  and  normal 
lamina  1  are  also  found.  For  example,  regenerated 
CGRP-containing  axons  are  significantly  more  likely  to 
form  axoaxonic  synapses  than  normal.  Nevertheless, 
the  presence  w  ithin  transplants  of  regenerated  primary 
afferent  synapses  with  normal  features  supports  the 
notion  that  transplants  can  support  or  encourage  'he 
formation  of  relays  across  regions  of  damaged  spinal 
cord.  Our  observation  that  the  axons  of  donor  neurons 
grow  into  host  sciatic  nerve  at  least  raises  the  possibility 
that  transplants  can  contribute  to  reestablishing  a  dam¬ 
aged  segmental  reflex  arc  [58]. 

The  possibility  that  fetal  spinal  cord  transplants 
might  rescue  axotomized  neurons  that  would  otherw  ise 
die  was  first  confirmed  in  newborn  rats  [7].  Rubrospi¬ 
nal  neurons  were  permanently  rescued  by  transplants 
of  embryonic  spinal  cord,  a  normal  target  of  rubrospi¬ 
nal  axons,  but  not  by  hippocampus,  suggesting  that 
survival  after  injury  depended  on  target-specific  fac¬ 
tors.  We  have  subsequently  found  that  the  neurons  of 
Clarke’s  nucleus  are  rescued  in  newborn  rats  not  only 
by  fetal  transplants  of  their  normal  targets,  cerebellum 
and  spinal  cord,  but  also  by  transplants  of  embryonic 
neocortex  [24].  The  axons  of  Clarke's  nucleus  neurons 
do  not  normally  encounter  neocortex,  which  is  there¬ 
fore  an  inappropriate  target  for  these  neurons.  This 
resu’t  suggests  that  the  neurons  of  Clarke's  nucleus  can 
be  rescued  by  several  different  factors  or  by  a  single 
factor  that  is  produced  in  several  regions  of  the  embry¬ 
onic  CNS.  This  factor  has  not  yet  been  identified.  It 
appears  not  to  be  produced  ubiquitously  in  the  fetal 
CNS.  however,  because  axotomized  Clarke's  nucleus 
neurons  die  in  spite  of  the  presence  of  embryonic  stri¬ 
atum  transplants  [25].  Embryonic  CNS  transplants 
also  rescue  Clarke's  nucleus  neurons  after  axotomy  in 
adult  rats  [24],  suggesting  that  transplants  can  contrib¬ 
ute  to  recovery  in  adult  as  well  as  in  newborns. 

When  placed  into  the  spinal  cord  of  newborn  rats, 
embryonic  spinal  cord  transplants  function  as  conduits 
that  stimulate  or  allow  the  axons  of  supraspinal  neu¬ 
rons  to  grow  across  the  site  of  injury.  The  axons  of 
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corticospinal  neurons  [8]  and  of  serotonergic  [9]  and 
other  brainstem  neurons  [  10]  traverse  transplants 
placed  in  the  injured  thoracic  spinal  cord  of  newborn 
rats  and  extend  into  their  normal  regions  of  termination 
as  far  caudal  as  the  lower  lumbar  segments  of  host 
spinal  cord.  In  part  the  greater  growth  of  newborn  axons 
is  due  to  the  continued  elongation  of  developing  axons 
that  have  not  reached  thoracic  levels  at  the  time  of 
transplanta  .on  and  therefore  have  not  been  axoto- 
mized.  At  least  some  of  those  axons  that  reach  the 
lumbar  segments,  however,  were  interrupted  by  the  spi¬ 
nal  cord  lesion  and  then  regenerated  [10]. 

Transplant  mediated  recovery  of  function 

The  idea  has  been  tested  that  the  axons  that  have 
traversed  the  site  of  spinal  cord  injury  and  transplan¬ 
tation  alter  the  development  or  recovery  of  locomotor 
function  [40].  Newborn  rats  that  received  subtotal  tho¬ 
racic  spinal  cord  injuries  and  transplants  of  embryonic 
spinal  cord  were  examined  with  a  battery  of  tests  and 
compared  to  rats  that  received  lesions  but  no  trans¬ 
plant.  Rats  with  transplants  performed  better  than  rats 
with  thoracic  spinal  cord  lesions  alone.  For  example, 
when  examined  8-12  weeks  postoperatively,  rats  with 
transplants  crossed  a  mesh  runway  more  quickly  and 
made  fewer  errors  in  foot  placement  than  the  group 
with  lesion  only.  They  also  recovered  more  quickly  from 
their  errors.  The  results  of  this  study  therefore  support 
the  notion  that  axons  that  traverse  the  transplant  and 
grow  into  caudal  host  spinal  cord  are  responsible  for 
the  improved  performance.  Because  the  spinal  cord 
lesion  was  incomplete,  however,  other  mechanisms  for 
the  improved  performance  are  possible.  One  possibil¬ 
ity  is  that  the  transplants  have  changed  the  response  to 
injury  of  the  residual  host  spinal  cord  adjacent  to  the 
transplant  and  allowed  axons  of  supraspinal  neurons  to 
grow  through  host  spinal  cord  rather  than  through  the 
transplant.  The  axons  of  corticospinal  neurons  are 
known  to  grow  through  regions  of  newborn  spinal  cord 
adjacent  to  injury  [6],  and  transplants  of  DRG  neurons 
and  Schwann  cells  have  been  shown  to  enhance  this 
response  [39].  Therefore,  supraspinal  axons  that  have 
traversed  host  spinal  cord  rather  than  the  transplant 
may  account  for  the  improved  locomotor  function  or 
may  have  contributed  to  the  improved  performance. 

Locomotor  function  is  also  being  evaluated  by  How¬ 
land  in  newborn  cats  that  received  a  transplant  into  the 
site  of  a  complete  spinal  cord  transection.  These  ex¬ 
periments  complement  those  in  rat  because  the  spinal 
cord  lesion  is  complete  rather  than  subtotal,  locomotor 
function  can  be  analyzed  in  greater  detail  in  the  cat 
than  in  rat,  and  because  the  anatomical  pathways  that 
account  for  various  types  of  locomotor  performance 


are  better  defined  in  cat  than  in  rat.  Three  types  of  lo¬ 
comotion,  which  are  mediated  by  three  different  types 
of  spinal  systems,  have  been  analyzed  (see  above;  re¬ 
viewed  in  [22]):  bipedal  reflex  locomotion,  quadrupe¬ 
dal  reflex  locomotion,  and  conditioned  (voluntary) 
overground  locomotion.  In  cats  with  thoracic  spinal 
cord  transections  that  have  received  a  transplant  on  the 
day  after  birth,  performance  of  quadrupedal  reflex  lo¬ 
comotion  will  suggest  that  propriospinal  connections 
have  grown  across  the  transplant  either  directly  or  via 
relays;  conditioned  overground  locomotion  will  suggest 
the  growth  of  axons  with  perikarya  in  the  brain. 

The  locomotor  function  of  2  cats  that  received  trans¬ 
plants  of  E26  spinal  cord  into  T12  transections  on  the 
day  after  birth  has  been  examined  for  periods  of  6 
weeks  and  5  months  [29,30].  These  cats  were  com¬ 
pared  to  2  cats  with  transections  on  the  day  after  birth 
that  did  not  receive  transplants.  Both  groups  developed 
quadrupedal  locomotion  in  addition  to  bipedal  loco¬ 
motion,  but  the  group  with  transplants  achieved  over¬ 
ground  locomotion  approximately  6  weeks  earlier  than 
the  group  with  transection  alone.  The  preliminary'  re¬ 
sults  also  indicate  that  the  performance  of  animals  with 
transplants  is  superior  to  those  with  transection  alone 
in  the  ability  of  the  animals  to  support  their  weight,  to 
maintain  postural  stability,  and  to  coordinate  the  move¬ 
ment  of  forelimbs  and  hindlimbs.  Even  in  animals  with 
transplants,  however,  the  coordination  is  only  some¬ 
times  similar  to  that  of  normal  cats,  and  overground 
locomotion  is  abnormal.  The  postural  stability  of  the 
hindlimbs,  for  example,  is  impaired,  the  step  cycle  is 
prolonged,  and  the  normal  1 : 1  pairing  of  forelimb  and 
hindlimb  step  cycles  is  inconsistent.  In  both  cats  that 
received  transplants  and  were  studied  behaviorally,  his¬ 
tological  evaluation  revealed  transplants  to  be  present. 

Preliminary  studies  have  also  been  carried  out  to 
identify  the  anatomical  connections  in  these  cats  [30]. 
One  animal  that  received  a  transplant  of  E21  spinal 
cord  has  so  far  been  studied.  Descending  serotonergic 
and  noradrenergic  axons  whose  cell  bodies  are  in  the 
brainstem  grow  extensively  in  this  transplant  and  enter 
host  spinal  cord  caudal  to  the  transplant.  Serotonergic 
axons  grow  as  far  caudally  as  the  host  L6  segment. 
Regenerated  CGRP-immunoreactive  host  dorsal  roots 
and  substance  P-containing  processes  that  arise  from 
multiple  sources  are  also  found  throughout  the  trans¬ 
plants,  where  they  are  accumulated  in  some  areas  that 
resemble  the  substantia  gelatinosa  and  superficial  dor¬ 
sal  horn  of  normal  spinal  cord.  These  preliminary  re¬ 
sults  indicate  that  transplants  enhance  the  development 
of  locomotor  function  in  newborn  cats  with  complete 
spinal  cord  transections  and  suggest  that  this  effect  is 
mediated  by  descending  axons  that  grow  into  the  trans- 
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plants.  Whether  these  axons  alone  account  for  the  en¬ 
hanced  locomotor  function  remains  to  be  determined. 
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Anatomical  and  behavioral  outcome  after  spinal  cord  contusion  injury 
produced  by  a  displacement  controlled  impact  device 
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Using  a  displacement  controlled  injury  device  that 
has  been  developed  at  Ohio  State  for  use  with  rodents, 
we  have  characterized  the  level  of  displacement  neces¬ 
sary  to  produce  groups  of  animals  with  mild  vs.  mod¬ 
erate  residual  deficits  in  locomotor  function  [1],  These 
deficits  have  been  assessed  using  simple  behavioral 
measures  (open  field  ratings,  inclined  plane  perform¬ 
ance,  grid  walking  performance,  and  footprint  analy¬ 
sis).  Anatomical  measures  of  the  lesions  have  included 
%  cross  sectional  area  spared  at  the  lesion  epicenter, 
lesion  volume,  and  3-dimensional  reconstructions. 
Using  this  device,  we  are  able  to  consistently  produce 
lesions  with  almost  no  variability  in  the  recorded  dis¬ 
placement  and  little  variability  in  the  force  required  to 
produce  this  degree  of  displacement.  We  have  also  con¬ 
firmed  that  our  behavioral  and  anatomical  measures 
are  useful  for  separating  groups  with  mild  vs.  moder¬ 
ate  residual  deficits  and  that  there  is  little  variability 
within  groups  for  these  measures  as  well  (with  the  ex¬ 
ception  of  footprint  measures).  In  addition,  there  is  a 
very  high  degree  of  correlation  between  the  physical 
descriptors  of  the  injury  (displacement  and  force)  and 
the  behavioral  and  anatomical  results,  and  high  degrees 
of  correlation  between  the  behavioral  and  the  anatom¬ 
ical  results. 

We  have  tested  a  few  of  the  compounds  shown  by 
some  laboratories  to  improve  functional  outcome  after 
spinal  cord  injury  [2,3].  These  include  Nalmefene 
(NLF),  an  opiate  antagonist  with  increased  activity  at 
kappa  receptors,  U-50488H  (U-50),  a  specific  kappa 
agonist,  YM- 14673  (YM),  a  TRH  analogue,  Tirilazad 
mesylate  (U-74006F;  LAZ),  a  methylprednisolone  an¬ 
alogue,  and  methylprednisolone  sodium  succinate 
(MPSS).  The  general  design  of  the  experiments  has 
been  to  compare  drug-treated  groups  to  injured  con¬ 
trols  in  blind,  semi-randomized  trials.  Injured  controls 
are  repeated  with  each  trial.  Most  of  the  experiments 
used  a  1.1  mm  displacement  injury  which  produces  a 
profound  early  deficit  followed  by  minimal  recovery  of 


locomotion.  All  positive  drug  effects  have  been  noted  in 
cases  with  this  level  of  injury.  Improvements  in  per¬ 
formance  in  open  field  testing  at  4  weeks  have  been 
noted  following:  NLF  (0.1  mg/kg),  U-50  (10  mg/kg), 
and  YM  (1  mg/kg)  all  given  as  an  iv  bolus  at  30  min 
post-injury;  and  MPSS  (30  and  60  mg/kg)  adminis¬ 
tered  immediately  and  at  2,  4  and  6  h  post-injury.  Im¬ 
provements  in  inclined  plane  performance  were  ob¬ 
served  after  YM  administration  (same  dose  as  above) 
and  after  MPSS  (30  mg/kg  q/6).  YM  and  MPSS  treat¬ 
ment  showed  increased  sparing  of  fibers  (average  of  8 "  „ 
and  5%  respectively)  at  the  lesion  site  compared  to 
controls;  NLF  showed  a  trend  for  increased  fiber  spar¬ 
ing  at  the  lesion  site. 

Using  the  current  model  of  the  injury  device,  it  is 
now  possible  to  produce  more  consistent  lesions  than 
in  the  past.  This  increased  control  over  the  independent 
variable  has  significantly  improved  our  ability  to  detect 
small,  positive  therapeutic  effects  of  treatment  proto¬ 
cols  in  rodents.  From  these  data,  it  also  appears  that 
for  simple  screening  studies,  open-field  and  inclined- 
plane  tests  are  adequate  for  rats  with  profound  early 
deficits  and  minimal  recovery  of  locomotor  ability.  Grid 
walking  performance  is  more  useful  for  detecting  resid¬ 
ual  deficits  when  locomotor  ability  and  hence  perform¬ 
ance  on  open  field  and  inclined  plane  tests  are  closer 
to  normal.  In  addition,  the  simplest  measure  of  ana¬ 
tomical  sparing  (%  cross  sectional  area  spared)  was 
useful  for  detecting  small  changes  due  to  drug  admin¬ 
istration  and  correlated  with  the  behavioral  improve¬ 
ment.  (Supported  by  NS- 10 165  and  NIH  training  grant 
NS-07291). 
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EXPRESSION  OF  ;?-PREPROTACHYKININ  mRNA  AND 
TACHYKININS  IN  RAT  DORSAL  ROOT  GANGLION 
CELLS  FOLLOWING  PERIPHERAL  OR  CENTRAL 

AXOTOMY 

D.  B.  Henken,*  W.  P.  Battisti,  M.  F.  Chesselet.I  M.  Murray^  and  A.  Tessler 
Depanmem  of  Anatomy,  The  Medical  College  of  Pennsylva-iia.  3200  Henry  Avenue.  Philadelphia.  PA 

19129.  U  S  A. 

Abstract— The  changes  in  gene  expression  and  protein  synthesis  induced  in  neurons  by  axolomy  usually 
lead  to  increased  production  of  axon  constituents  and  decreased  production  of  molecules  related  to 
neuroiransmission.  Exceptions  to  this  generalization  occur,  however,  and  it  is  unclear  whether  the  injury 
itself  changes  the  pattern  of  synthesis  or  whether  individual  mechanisms  regulate  the  synthesis  of  the 
various  axonal  components.  We  used  in  situ  hybridization  histochemistry  and  immunocytochcmisiry  to 
compare  the  changes  in  L4  and  L5  rat  dorsal  root  ganglion  neuron  levels  of  preprotachykinin  mRNA 
and  tachykinin  peptides  caused  by  sciatic  nerve  injury  with  those  caused  by  dorsal  root  injury.  Both  lesions 
elicit  regeneration,  although  only  the  axotomized  peripheral  processes  re-establish  functional  contact  with 
their  targets.  In  the  contralateral,  intact  dorsal  root  ganglia  approximately  17%  of  neurons  contained 
detectable  levels  of  both  mRNAs  and  peptides.  Sdalic  nerve  section  decreased  by  70%  the  number  of 
neurons  labeled  for  preprotachykinin  mRNA  at  three  days  post-operativeiy.  Not  all  cells  in  the  ganglion 
are  axotomized  by  the  sciatic  nerve  lesion;  grain  counts  over  the  cells  spared  by  the  lesion  showed  an 
increased  level  of  labeling,  possibly  a  result  of  collateral  sprouting  by  these  spared  cells.  By  two  weeks, 
the  number  of  cells  labeled  for  preprotachykinin  mRNA  had  decreased  to  80%  of  control  levels.  The 
numbers  of  neurons  labeled  for  tachykinin  peptides  decreased  more  slowly  and  reached  approximately 
50%  of  control  numbers  at  two  weeks.  By  six  months  post-operatively,  when  regeneration  is  largely 
complete,  the  number  of  neurons  containing  both  mRNAs  and  peptides  returned  to  normal.  In  contrast, 
dorsal  root  section  did  not  elicit  a  decrease  in  the  number  of  neurons  labeled  either  for  the  mRNAs  or 
the  peptides  at  any  of  the  post-operative  intervals  examined. 

These  results  indicate  that  axotomy  is  not  the  stimulus  that  elicits  changes  in  the  expression  of  genes 
coding  for  tachykinins.  Evidence  is  considered  indicating  that  interruption  of  the  supply  of  peripherally 
derived  nerve  growth  factor  may  be  responsible  for  the  changes  in  gene  expression  for  tachykinins  after 
axotomy. 


Peripheral  nerve  lesions  alter  the  proteins  synthesized 
by  dorsal  root  ganglion  (DRG)  neurons^-'^''^”'*’  in 
such  a  way  that  regeneration  of  the  axotomized 
peripheral  process  is  supported.  Among  the  changes 
are  increased  synthesis  of  the  growth  associated 
protein  GAP-43®’””  and  the  cytoskeletal  protein 
actin’’”®  and  decreased  content  or  synthesis  of  the 
transmitter-related  peptides  substance  P,  somato¬ 
statin,  cholecystokinin,  and  calcitonin  gene-related 
peptide.’”””®”®”  These  changes  are  consistent  with 
the  hypothesis  that  protein  synthesis  is  modified  after 
axotomy  to  increase  production  of  molecules  necess¬ 
ary  for  growth  of  the  damaged  process  and  to 
decrease  production  of  molecules  involved  in  neural 
transmission.”  This  could  imply  that  a  single  stimu¬ 
lus.  e.g.  the  injury  itself,  sets  in  motion  a  co-ordinated 


‘Present  address;  Building  36.  Room  4A29.  NIH.  Bethesda. 
MD.  U.S.A. 
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of  Pennsylvania,  Philadelphia.  PA.  U.S.A. 
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Ahhreviaiion.^:  DRG,  dorsal  root  ganglion;  NGF,  nerve 
growth  factor;  SSC,  sodium  chloride  0.15  M/sodium 
citrate  O.O'SM.  pH  7;  UTP,  uridine  triphosphate. 


series  of  changes  in  synthesis  of  molecules  which  is 
reversed  when  regeneration  is  completed.  Exceptions 
to  this  generalization  have,  however,  been  reported. 
Synthesis  of  some  axonal  constituents,  e.g.  ncuro- 
hlament  proteins  is  decreased  during  regeneration 
following  peripheral  nerve  injury.””’”  whereas  in¬ 
creased  content  has  been  reported  for  peptides  which 
are  thought  to  function  as  neurotransmiltcrs  or 
neuromodulators,  including  vasoactive  intestinal 
polypeptide.”  hisline  isoleucine.”  and  galanin.” 
In  addition,  peripheral  nerve  injury  induces  some 
changes  in  protein  synthesis  that  axotomy  of  the 
centrally  directed  process  does  not  elicit'*”’”’”*  even 
though  axotomized  dorsal  root  axons  regenerate  as 
far  as  the  dorsal  root  entry  zone.’  DRG  neurons  do 
change  their  levels  of  synthesis  of  neurofiiament 
proteins  and  actin  after  dorsal  rhizotomy”  although 
to  a  lesser  extent  than  after  peripheral  lesions,  but 
little  or  no  change  in  synthesis  of  tubulin””’  or  in 
content  of  the  tachykinin  substance  P  is  seen.”  These 
results  suggest  that  the  injury  alone  does  not  elicit  nor 
does  the  initial  regenerative  response  to  axolomy 
require  the  cascade  of  metabolic  events  which  appear 
to  be  necessary  for  regeneration.  Specific  mechanisms 
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may  therefore  be  responsible  for  the  modifications  in 
synthesis  of  specific  proteins  or  specific  dasses  of 
proteins. 

Although  little  is  known  about  the  molecular 
mechanisms  by  which  protein  synthesis  is  modified 
after  injury,  in  at  least  some  cases  control  is  exerted 
at  the  level  of  gene  transcription.  Either  the  pro¬ 
duction  or  degradation  of  mRNAs  is  a/Tected.  For 
example,  peripheral  nerve  lesions  increase  mRNA 
levels  for  some  forms  of  tubulin™  *^  and  reduce  levels 
of  the  mRNA  which  encodes  the  neurofilament  pro¬ 
teins.'"’*^  Levels  of  the  substance  P  mRNA  are  also 
reduced  for  at  least  the  first  month  afler  peripheral 
nerve  injury.*’*^  This  change  is  of  particular  interest 
because  it  has  been  attributed  to  interruption  of  the 
supply  of  nerve  growth  factor  (NGF),*  which  is 
derived  from  the  peripheral  targets  and  retrogradely 
transported  to  the  DRG  cell  body.'®-”  It  is  not  yet 
known  whether  substance  P  mRNA  levels  recover 
when  regeneration  of  the  peripheral  process  is 
complete.  A  recent  report’^  indicates  that  injury  to 
the  central  process  did  not  affect  levels  of  tachykinin 
mRNA  one  week  post-operatively.  Recovery  to  nor¬ 
mal  levels  after  regeneration  of  the  peripheral  process 
with  no  change  after  dorsal  rhizotomy  would  be 
consistent  with  dependence  of  substance  P  mRNA 
levels  on  peripherally  derived  NGF. 

To  investigate  these  issues  we  compared  the  time 
course  of  the  changes  in  the  substance  P  precursor 
^-prcprotachykinin  mRNA  with  the  changes  in 
tachykinin  peptide  content  in  DRG  neurons  after 
section  of  cither  the  peripheral  or  the  central  DRG 
process.  To  determine  whether  mRNA  and  peptide 
synthesis  were  completely  or  partially  reduced  in  the 
affected  neurons  and  then  recovered,  we  used  in  situ 
hybridization  and  immunocytochemical  methods. 
These  techniques  permit  levels  of  mRNA  and  peptide 
to  be  assessed  in  individual  neurons. 

EXPERIMENTAL  PROCEDURES 
Surgical  procedures 

Adult  female  Sprague-Dawley  (Zivic  Miller,  Allison 
Park,  PA)  rats  (250-300  g)  were  anesthetized  with  chloral 
hydrate  (350  mg/kg,  i.p.).  The  right  sciatic  nerve  of  12 
animals  was  transected  in  the  middle  one-third  of  the  thigh, 
approximately  5.5  cm  from  the  L5  DRG  and  6cm  from  the 
L4  DRG.  The  proximal  and  distal  portions  of  the  nerve 
were  reapposed  with  a  single  suture  (9-0  silk)  through  the 
epineurium,  and  the  wound  was  dosed  in  layers.  These  rats 
survived  for  6  h  (n  =  1),  one  day  («  =  2),  three  days  (n  =  3), 
two  weeks  (n  -  3),  or  more  than  six  months  (n  =  3).  The 
dorsal  roots  (L3-6)  of  nine  rats  were  exposed  by  laminec¬ 
tomies  and  cut  0.5  cm  proximal  to  the  ganglia.  The  cut  ends 
of  the  dorsal  roots  were  reapposed  and  covered  with 
Gelfoam.  and  the  wound  was  closed.  The  rats  survived  for 
one  day  (n  =  3),  three  days  (n  =  3),  or  two  weeks  (n  =  3). 
DRGs  from  three  intact  rats  that  had  been  previously 
analysed'*  were  used  for  comparison  for  both  experiments. 

Tissue  preparation 

All  rats  were  killed  under  deep  anesthesia  (nembutal 
65  mg/kg,  i.p.)  by  intracardiac  perfusion  with  50ml  normal 
saline,  followed  by  400  ml  freshly  prepared  4% 


paraformaldehyde  in  0. 1  M  phosphate  buffer  (pH  7.3).  The 
L4  and  L5  DRG  were  dissected  free,  placed  in  30V«  stenle 
sucrose  buffer  overnight,  embedded  in  mounting  medium 
(Tissue  tek.  Miles),  and  kepi  frozen  at  -20  "C  until  section¬ 
ing.  Sections  (t2/im|  were  cut  on  a  cryostat,  thaw-mounted 
on  tnply  subbed  slides  (porcine  gelatin  and  chromalum), 
and  thoroughly  dried  at  room  temperature.  Adjacent  sec¬ 
tions  were  mounted  on  two  series  of  slides.  One  senes  was 
stored  at  4“C  and  processed  for  immunocytochemistry;  the 
other  was  stored  at  -  70''C  and  prepared  for  at  suu  hybnd- 
ization  histochemistry 

Immunocytochemistry 

Antiserum  to  substance  P  was  purchased  from  INCSTAR 
(Stillwater,  MN).  Because  the  antiserum  is  directed  against 
the  carboxyl-terminus  amino  acids  common  to  tachykinms, 
reaction  product  represents  members  of  the  Uchykinin 
family  in  addition  to  substance  P. 

Mounted  sections  were  reacted  on  slides  with  substance 
P  antibody  at  1:1000  dilution  according  to  the  avidin-biolin 
method  of  Hsu  et  al}'-^^  The  sections  were  then  treated  with 
biotinylated  goat  anti-rabbit  IgG  and  avidin-biotinylated 
horseradish  peroxidase  complex  (Vectastain  ABC  Kit, 
Burlingham)  as  specified  by  the  manufacturer.  The  controls 
for  non-specific  staining  have  been  described  in  detail 
previously T*” 

Synthesis  of  RNA  probe  and  in  situ  hybridization  histo¬ 
chemistry 

The  cDNA  template  for  ^-preprotachykinin  was  a  345- 
base  pair  cDNA  containing  i:xons  two  to  six  of  the  gene.  The 
clone  cHSPpl  I,  isolated  from  a  human  brain  library,'  was 
obtained  from  Dr  H.-U.  Affolter.  The  specificity  of  hybrid¬ 
ization  for  this  probe  has  previously  been  characterized  by 
Northern  blot  analysis.' 

The  cDNA,  inserted  into  the  transcription  vector  pSP65 
(Promega  Biotech,  Madison,  Wl),  was  restricted  appropri¬ 
ately,  and  transcribed  according  to  the  manufacturer's 
specifications  using  2.5  pM  (|”S)UPT)  (1000  Ci/mmol,  New 
England  Nuclear)  and  10  pM  unlabeled  DTP,  with  all  other 
nucleotides  unlabeled  and  present  in  large  excess.  The 
cDNA  for  preprotachykinin  was  inserted  in  either  direction 
with  regard  to  the  SP6  promoter,  resulting  in  the  synthesis 
of  both  a  control  or  sense  (identical  to  the  cellular  mRNA) 
and  test  or  antisense  (complementary  to  the  cellular  mRNA) 
RNA  probes.  Specificity  of  the  hybridization  has  been 
assessed  by  verifying  that  no  labeled  cells  were  present  in 
sections  processed  under  the  same  conditions  with  the  sense 
probe.  In  addition,  previously  we  have  shown  that  using  the 
same  protocol,  cells  labeled  with  the  preproiachykinin  anti- 
sense  RNA  probe  in  the  DRG  also  expressed  tachykinin¬ 
like  immunoreactivity.'* 

Hybridization  was  performed  according  to  the  method  of 
Chesselet  el  at.,'  as  previously  described.'*  Slide-mounted 
tissue  was  rinsed  in  buffer,  acetylated.  treated  with  glycine 
in  Tris-HCl,  dehydrated  and  air-dried.  Two  to  4  ng/slide  of 
[”S]RNA  probe  in  25  pi  or  hybridization  mixture  (40% 
formamide.  10%  dextran  sulfate.  4  x  sodium  chloride 
0,15  M/sodium  citrate  0.015  M,  pH  7  (4  x  SSC)  (I  x  SSQ] 
lOmM  dithiothreitol,  1  ng/ml  sheared  salmon  sperm  DNA. 

1  mg/ml  Escherichia  coli  tRNA,  1  x  Denhardt's  solution 
(0.02%  Ficoll,  0.02%  polyvinyl  pyrolidone.  10  mg/ml 
bovine  serum  albumin)  were  plac^  on  each  slide.  Hybridiz¬ 
ation  was  carried  out  in  humid  c  ambers  for  3.5  h  al  50°C. 
Post-hybridization  procedures  included  washes  in  50%  for- 
mamidc/2  x  SSC  at  52°C,  a  30  min  treatment  with  RNAase 
A  (lOOpg/ml,  Sigma)  at  37'’C.  and  rinses  in  buffer.  Follow¬ 
ing  an  overnight  wash  in  2  x  SSC  with  Triton  X-IOO,  slides 
were  rinsed,  dehydrated,  de-lipidated  and  air-dried.  Auto¬ 
radiography  was  carried  out  using  NTB-3  emulsion  (Ko¬ 
dak).  Slides  were  placed  in  light-tight  boxes  and  exposed  at 
d^C  for  three  to  eight  wcek.s,  developed  (D-19  Kodak),  fixed 
and  counterstained  with  hematoxylin  and  cosin. 
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Data  collection  and  analysis 

Lon^tudinal  sections  of  DRG  were  outlined  uaing  cam¬ 
era  lucida  for  analysis  of  slides  prepared  boiii  for  at  situ 
hybridization  histochemistry  and  immunocytocheniistry. 
Every  neuronal  perikaryon  with  a  visible  nucleus  within 
a  section  of  DRG  was  traced.  The  circumferences  td'  all 
neuronal  somata  were  measured,  and  caknialions  of  the 
cross-sectional  areas  were  made  using  the  Bioquant 
planimetry  system.  Each  cell  body  was  sooreQ  as  either 
labeled  or  unlabeled  using  the  following  ciileria.  Foi  in 
situ  hybridization  histochemistry,  a  cell  was  defined  as 
labeled  If  at  least  10  reduced  silver  grains  were  present  in 
the  emulsion  overlying  the  cytoplasm  (background  was 
approximately  one  ^in(ceil  soma).  For  immuitocyto- 
chemistry,  labeled  cells  were  easily  diflerentiated  from 
unlabeled  cells  by  the  presence  of  a  dense  brown  immuno- 
reaction  product  in  the  cytoplasm.  Foar  raodomly 
selected  sections  of  a  DRG  were  examined  for  each  of  three 
animals  at  each  survival  time,  resulting  in  a  total  mapping 
of  hybridization  positive  or  immunoreaclive  cefls  in  12 
sections  at  each  experimental  time  for  each  experimental 
condition. 

Histograms  representing  the  cross-sectional  area  of  every 
cell  were  compiled  in  order  to  compare  the  distribution  of 
the  labeled  cells  with  the  unlabeled  cell  populationa.  The 
mean  cross-sectional  areas  of  the  labeled  edb  were  com¬ 
pared  with  the  mean  cell  areas  of  the  unlabeled  DRG 
population  for  each  of  the  experimental  condhions.  Results 
obtained  with  oi  situ  hybridization  histochemistiy  were 
compared  with  those  obtained  with  immunocytocliefflistry 
and  the  ratios  between  the  labeled  cell  population  and  the 
unlabeled  cell  population  were  determined.  In  addition,  the 
proportions  obtained  for  each  experimental  comStion  were 
compared.  Diflerenoes  between  mean  ratios  were  analysed 
by  means  of  Mann-Whitney  {/-tests. 

The  radioautographic  reaction  was  quantified  on  DRGs 
from  three  animals  killed  three  days  after  right  sciatic  nerve 
lesion.  Two  sections  from  the  Li  DRG  were  analysed  from 
control  and  experimental  sides  from  each  animal,  M  of  the 
tissue  analysed  by  this  method  was  reacted  and  developed 
together  to  reduce  the  variability  in  labeling.  The  relalive 
amount  of  labding  per  cell  was  determined  wimg  a  Mor- 
phon  i  .nage  Analysis  system.*'  Using  this  system,  the  analog 
video  signal  from  the  DRG  cell  is  converted  to  a  digital 
image,  consisting  or512  x  480  pixels,  each  with  a  gray  value 
ranging  from  0  to  255.  A  cluster  of  silver  grains  associated 
with  a  cell  was  circled,  using  a  mouse;  the  threshold  level 
was  adjusted  to  distinguish  between  grains  and  background 
staining  before  each  measurement,  and  the  portion  of  the 
encircled  area  above  threshold  was  measur^  The  corre¬ 
lation  between  visual  grain  counts  and  the  area  labeled  as 
measured  by  the  Morphon  Image  Analysis  system  is  highly 
reliable  (r  0.95).*'  An  average  of  three  separate  measure¬ 
ments  from  each  section  was  made  r  :i  'issue  adjwxnt  to 
labeled  cells  to  determine  background  silver  pain  density. 
The  mean  of  these  measurements  was  subtracted  from  the 
values  obtained  from  this  section.  The  corrected  values  for 
DRG  cells  from  control  and  experimental  sides  were 
analysed  using  a  paired  Student's  i-lest. 
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RESULTS 

DRG  cells  containing  /^-preprotachykinin  mRNA 
were  identified  with  in  situ  hybridization  histochem¬ 
istry  and  tachykinin-containing  cells  were  visualized 
immunocytochemically.  On  the  intact  side,  following 
both  surgical  procedures  and  at  all  post-operative 
survival  periods,  between  14  and  20%  of  the  total 
DRG  population  labeled  for  ^-preprotachykinin 
mRNA  or  for  tachykinin  peptide  (Tables  I  and  2). 


.1^-2 

a  «  u 
•sx 

.R 


Experimental  516  19.2  1206  13.7±  1.77  1518  4.8±  1.60*  1223  3.5±  0.63*  1249  13.9  ±0.95 

Immunocytochemistry 

Control  side  532  19.9  1914  16.2±  1.12  1724  18.4  ±  1.67  1336  I3,6±  0.54  1365  14,Q±0.32 

Experimental _ 452 _ 18^ _ 1670  18.7  ±0.94  1475  17.8  ±0  92  1223 _ 7.9  ±0.48*  1388 _ 14  4  ±  0.80 

Significance  at  the  P  <  0.00  level  by  Mann-Whitney  l/-test. 
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Table  2.  Summary  of  results  following  dorsal  root  cul 


One  day 

Three  days 

Two  weeks 

(n  =  3) 

in  =3) 

(n  =  -t) 

Percentage  of 

Percentage  of 

Percentage  of 

cells 

cells 

cells 

Total  cells  labeled 

Total  cells  labeled 

Total  cells  labeled 

counted  (-t-S.E.M.) 

counted  t-t-S.E.M.) 

counted  (-f-SEM  1 

In  siiu  hybridization 
Histochemistry 

Control  side 

1272 

15.5  ±0.43 

1250 

14,8  ±0.38 

1053 

15.7  ±0  74 

Experimental 

1317 

16.9  ±  3  20 

1107 

15,4  ±  1.37 

860 

15,7  ±0  33 

Immunocytochemistry 
Control  side 

1219 

16.5  +  0.73 

1200 

16.2  -1-  1.64 

92! 

13,9  ±0.90 

Experimental 

1247 

17.8  ±0.93 

1260 

17.9  ±0.33 

817 

14  9  ±0.XX 

These  results  are  comparable  with  our  previous  study 
in  normal  animals,  where  neurons  containing  mRNA 
for  ^-preprotachykinin  comprised  an  average  of  17% 
of  the  total  number  of  somata  in  each  DRG  and  20% 
of  the  total  number  of  DRG  neurons  contained  the 
tachykinin  peptide.'* 
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Fig.  I.  The  percentage  of  cells  labeled  by  in  siiu  hybridiz¬ 
ation  histochemistry  for  /i -preprotachykinin  mRNA  (black 
bars)  and  by  immunocytochemistry  for  the  tachykinin  pep¬ 
tides  (hatched  bars)  at  various  times  following  sciatic  nerve 
cut  (A)  and  dorsal  root  cut  (B),  Stars  indicate  statistical 
significance  at  the  P  <  0,05  level  by  Mann-Whitney  6’ -test. 


Sciatic  nerve  section  (Fig.  I  A,  Table  1) 

Six  hours  following  unilateral  sciatic  nerve  section, 
similar  percentages  of  the  total  DRG  population 
were  labeled  for  /i-prcprotachykinin  mRNA  (19.2%) 
and  for  the  tachykinin  peptide  (18.2%)  on  the  axoto- 
mized  side,  and  these  percentages  differed  little  from 
those  found  on  the  intact,  contralateral  side. 

One  day  following  sciatic  nerve  section,  there  was 
a  slight  but  not  statistically  significant  decrease  in  the 
percentage  of  the  total  neuronal  population  that 
labeled  for  the  message,  while  the  numbers  and 
density  of  peptide  staining  showed  no  such  change. 

Three  days  post-opcraiively  only  4.8%  of  the  total 
DRG  population  labeled  for  /?-preprotach>kinin 
mRNA  on  the  axotomized  side,  a  decrease  of  TO'-i 
from  control  values.  In  adjacent  sections  of  DRG. 
17,8%  of  the  cells  showed  tachykinin  immunorcactiv- 
ity,  a  number  similar  to  that  seen  in  controls.  The 
percentages  of  neurons  labeled  for  ^-prepro- 
lachykinin  mRNA  and  tachykinins  are  significantly 
different  (/’<0.05).  In  Fig.  2.  photomicrographs 
illustrate  the  decreased  numbers  of  cells  hybridized 
on  the  axotomixed  side  (Fig.  2A).  while  the  numbers 
of  cells  labeled  by  hybridization  on  the  control  side 
(Fig.  2B)  and  by  immunocytochemistry  on  both  the 
experimental  (Fig.  2C)  and  control  (Fig.  2D)  sides  lie 
within  the  normal  range. 

Since  the  reduction  in  the  number  of  cells  labeled 
for  preprotaebykinin  mRNA  at  three  days  post- 
operatively  was  much  greater  than  the  decrease  in  the 
amount  of  mRNA  for  SP,  measured  by  dot-blot.'*”  we 
also  determined  labeling  density  over  the  DRG  ceils 
on  control  and  experimental  sides  at  this  time. 
Labeled  DRG  cells  on  the  control  side  did  not  differ 
in  the  mean  labeling  per  cell  among  animals,  nor  did 
the  mean  labeling  per  cell  on  the  experimental  side 
differ  among  animals.  The  mean  labeling  per  cell  on 
the  experimental  side  was.  however,  increased  by 
approximately  50%  compared  with  the  mean  labeling 
per  cell  on  the  control  side  (mean±S.E.  of  the 
area  occupied  by  silver  grains  for  control  DRG 
cells  =  20.5  ±  1.2  and  for  experimental  DRG 
cells  =  33.2  ±  2.1;  P  <  0.005.  paired  t-test).  These 
results  suggest  that  the  DRG  cells  which  continued  to 
express  the  tachykinin  mRNAs  after  axotomy  cither 
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increased  the  production  or  decreased  the  rate  of 
turnover  of  the  mRNAs. 

Two  weeks  post-operatively  the  number  of 
neurons  containing  ^-prcprotachykinin  mRNA 
remained  decreased;  3,5%  of  the  total  DRG  popu¬ 
lation  was  labeled,  a  dc-crcase  of  80%  from  control 
values.  .At  this  stage  tachykinin  content  was  also 
decreased,  only  7.9%  of  all  cells  were  tmmuno- 
reactivc,  an  appro.ximatcly  50°o  decrease  from 
control  values  (Fig,  lA,  Table  I).  Both  ratios  are 
different  from  control  values  (/'<0,05)  and  from 
each  other  {P  <  0.05), 

Six  months  following  sciatic  nerve  section,  the 
proportion  of  cells  labeled  for  the  message  and 
for  the  peptide  returned  to  85%  of  control,  a 
level  not  stgmltcantiy  different  from  control 
values. 


Dorsal  root  section  (Fig.  1 B.  Table  2) 

One  day.  three  days  and  two  weeks  following 
unilateral  central  axotomy,  .'qual  numbers  of  cells 
labeled  for  the  message  and  for  the  peptide.  In 
addition  at  ail  piost-operative  survival  periods  follow¬ 
ing  central  axotomy  for  both  mRNA  and  peptide 
there  was  no  significant  difference  between  the  per¬ 
centage  of  labeled  cells  on  control  and  axotomized 
sides  (P  >  0,05). 


Characteristics  of  labeled  cells 

The  mean  somal  areas  of  all  labeled  cells  were  not 
significantly  different  from  normal  at  any  survival 
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Fig.  3.  The  mean  soma  size  fo-  labeled  and  unlabelcd 
populations  of  DRG  neurons  using  in  situ  hybridization 
histochemistry  (stars)  and  immunocytochcmistry  (circlcsl 
are  presented  following  sciatic  nerve  cut  (A)  and  dorsal 
root  cut  (B). 


period  after  either  peripheral  or  central  axotomy 
(P  >0.05)  and  the  mean  sizes  were  centered  in  the 
smaller  range  of  the  distnbuiton  of  soma  sizes 
for  alt  DRG  cells.  The  mean  somal  areas  of  ail 
unlabelcd  cells  for  both  techniques  and  for  all 
survival  penods  following  sciatic  nerve  section  and 
dorsal  root  section  were  also  comparable  (P  >  0  05) 
(Fig,  3A,B).  Axotomy  of  cither  pcnphcral  or  central 
processes  does  not  therefore  cause  a  generalized 
shrinkage  in  the  mean  cell  size  of  the  DRfi 
population. 


oisci;s.sio,N 

[n  the  present  study  wc  used  in  situ  hybridization 
histochemistry  and  immunocytochcmistry  to  deter¬ 
mine  the  number  of  lumbar  DRG  neurons 
that  synthesize  jS-preprotachykintn  mRNAs  and 
tachykinins  after  axotomy  of  their  peripheral  or 
central  processes.  The  major  findings  arc  that  periph¬ 
eral  axotomy  decreases  mRNA  and  tachykinin  label¬ 
ing  over  DRG  cells  while  central  axotomy  docs  not 
The  results  from  the  in  situ  histochemistry  studies  arc 
in  accord  with  those  of  Noguchi  et  al.f'  but  wc  have 
extended  their  findings  by  demonstrating  the  time 
course  of  the  effect  and  the  dissociation  of  the  time 
course  of  changes  in  the  peptide  content,  as  shown  by 
the  immunocylochcmical  reaction,  from  the  cha.igc 
in  synthesis  of  the  peptide. 

Control  dorsal  root  ganglion 

As  in  the  DRG  of  normal  rats,'*  the  DRG  con¬ 
tralateral  to  sciatic  nerve  or  dorsal  root  section 
contains  between  14  and  20%  of  neurons  that  label 
for  tachykinin  peptide  or  preproiachyktnm  mRNA. 
Our  measurements  of  the  somal  areas  of  these  neur¬ 
ons  show  that  most  are  among  the  "small  dark" 
DRG  neurons  that  have  been  distinguished  histo¬ 
logically.*'*’  Because  we  used  an  antibody  raised 
against  the  C-tcrminal  ammo  acids  common  to 
tachykinins,  we  cannot  distinguish  among  the  three 
tachykinins  and  additional  biosynthetic  processing 
products  or  metabolites  that  have  been  described  in 
rat  DRG.”****’  Most  of  the  tachykinin  immuno- 
reactivity  is  likely  to  be  substance  P.  because 
substance  P  is  approximately  twice  as  abundant  as 
substance  K  (neurokinin  A)  in  DRG.  and  levels  of 
neuromedin  K  (neurokinin  B)  are  extremely  low."*^' 
Substance  P  and  substance  K  are  synthesized  from 
the  preprotachykinin  I  gene’”'  after  differcniiai 
splicing  of  the  primary  RNA  transcript  to  produce 
a-,  P-  and  y-preprotachykinin  mRNAs.’*'"””  All 
three  of  these  mRNAs  are  likely  to  be  detected  by  the 
mRNA  probe  that  we  used  for  in  situ  hybridization 
histochemistry.  In  rats  CNS  tissues  that  express  this 
gene.  y-mRNA  represents  80%  of  the  total  prepro¬ 
tachykinin  mRNA.  ^-mRNA  represents  ZO^o,  and 
a-mRNA  less  than  1%.’*  Neuromed.n  K  derives 
from  a  distinct  prcprotachykinin  gene*'*’'  and  its 
mRNA  was  thus  not  detected  in  our  study 
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Sciaiic  neri'e  lesion 

Peripheral  nerve  injury  reduces  concentrations  of 
substance  P  in  DRG  neurons.’*-^^  ’*  These  reductions 
are  due.  at  least  in  part,  to  prelranslational  mechan¬ 
isms  because  tachykinin  synthesis  is  even  more  pro¬ 
foundly  reduced  than  concentrations  of  subsunce 
P.*’  Using  dot-blot  analysis,  Nielsch  and  Keen** 
found  that  tachykinin  mRNA  levels  fell  to  40%  of 
control  ilues  by  three  days  post-operatively  in  the 
L5  DRG  after  sciatic  i  erve  section.  Our  present 
results  using  in  situ  hybridization  show  that  the 
percentage  of  L4  and  L5  DRG  neurons  that  contain 
deteciab'  ’  levels  of  tachykinin  mRNA  is  reduced  to 
20%  of  ntrol.  Approximately  70-80%  of  L5  DRG 
neurons  ;  a  axotomized  by  sciatic  nerve  section  in  the 
mid-thigh, ■’  the  axotomized  neurons  therefore  appear 
to  have  ceased  completely  to  synthesize  tachykinin 
mRNA.  The  remaining  20-30%  of  the  DRG  cells 
are  not  injured  by  the  sciatic  lesion.  Our  findings 
taken  together  with  those  of  Nielsch  and  Keen  would 
predict  that  the  uninjured  tachykinin<ontaining 
DRG  neurons  increase  tachykinin  mRNA  pro¬ 
duction  or  reduce  mRNA  turnover,  which  is  a 
reasonable  possibiliiy  since  DRG  neurons  have  a 
considerable  reserve  capacity  to  increase  tachykinin 
synthesis.”'”  Measurements  of  the  grain  densities 
over  DRG  cells  three  days  after  sciatic  nerve  lesions 
did  show  a  significant  increase  in  labeling  compared 
with  control  DRG  cells  on  the  opposite  side.  This 
increased  labeling  may  reflect  an  increased  synthesis 
of  tachykinins  associated  with  collateral  sprouting  by 
the  20%  of  DRG  cells  spared  by  the  sciatic  nerve 
lesion. 

The  number  of  cells  containing  delectable  levels  of 
tachykinin  mRNA  decreased  more  rapidly  than  the 
number  containir  j  peptide  and  the  decrease  was 
more  complete.  We  found  that  the  number  of  cells 
containing  detectable  label  for  tachykinin  mRNA 
be  ’an  to  be  reduced  by  one  day  after  sciatic  nerve  cut 
anc  'hat  the  maximal  reduction  was  observed  at  three 
and  14  days.  Similar  results  were  reported  for  sub¬ 
stance  P  mRNA  using  biochemical  methods.*’  Using 
imrnunocytochemical  methods  we  found  normal 
numbers  of  neurons  labeled  for  tachykinin  peptide  at 
three  days  after  sciatic  nerve  injury  and  a  50% 
reduction  in  labeled  neurons  at  two  weeks.  Studies 
which  have  used  radioimmunoassay  to  measure 
DRG  tachykinin  levels  after  sciatic  nerve  section 
similarly  showed  no  change  at  one  to  two  days, 
significant  reductions  at  four  to  six  days,  and  40-50% 
reductions  at  14  days.’”  It  is  likely  that  levels  of 
tachykinin  are  reduced  more  slowly  than  mRNA 
levels  because  the  peptides  are  metabolized  more 
slowly  than  the  mRNAs.  in  DRG  cultured  in  the 
absence  of  NGF,  approximately  50%  reductions  in 
levels  of  preprotachykinin  mRNA  arc  observed  by 
two  to  three  days  in  culture,  and  in  substance  .-vels 
by  four  to  five  days.”  It  is  not  clear,  howeve. .  why 
more  neurons  continue  to  be  labeled  for  tachykinin 


peptide  than  for  mRNA  even  as  long  as  two  weeks 
after  injury.  One  possibility  is  that  the  sensitivity  of 
our  immunocytochcmical  and  in  situ  hybndizalion 
techniques  diflers,  but  at  least  in  normal  DRG  we 
have  found  that  the  methods  label  very  similar 
numbers  of  neurons.'‘  More  likely  explanations  arc 
that  the  degradation  products  of  tachykinin  peptides 
continue  to  be  detected  by  immunocytochcmical 
methods  or  that  a  proportion  of  tachykinin  peptide 
is  metabolized  extremely  slowly.””  These  results  do 
indicate  that  levels  of  mRNA  are  a  more  sensitive 
indicator  of  the  changing  metabolic  state  of  the 
neuron  than  are  levels  of  protein. 

At  times  longer  than  six  months  following  sciaiic 
nerve  section,  when  regeneration  is  largely  completed, 
the  numbers  of  neurons  labeled  for  tachykinin 
mRNA  and  peptide  has  recovered  to  85%  of  normal 
This  number  of  labeled  neurons  does  not  differ 
statistically  from  the  number  present  normally,  but  a 
modest  decrease  would  also  be  consistent  with  the 
death  of  a  small  percentage  of  axotomized  neurons. 
We  have  previously  found  that  20%  of  ail  L5  DRG 
neurons  died  when  the  sciatic  nerve  of  adults  was  cut 
and  ligated  to  impede  regeneration,"  somewhat  less 
cell  death  would  be  anticipated  under  the  conditions 
of  the  present  study.  In  both  the  present  and  previous 
studies,  we  found  no  change  in  the  mean  somal  area 
of  DRG  neurons,  indicating  that  neither  large  nor 
small  DRG  neurons  are  particularly  vulnerable  to 
axolomy. 

Dcrsal  root  lesion 

Considerable  experimental  evidence  now  suggests 
that  the  ability  of  the  DRG  neuron  to  produce  both 
tachykinin  peptide””  and  mRNA”  depends  on  the 
availability  of  NGF,  which  in  the  intact  neuron  is 
supplied  to  the  perikaryon  b-  retrograde  transport 
from  the  target'®”  but  in  the  regenerating  nerve  may 
also  be  supplied  by  Schwann  cells.’”  Decreased 
numbers  of  tachykinin  mRNA-  and  peptide-labeled 
cells  followed  by  recovery  toward  normal  numbers  is 
consistent  with  the  idea  that  peripheral  nerve  section 
deprives  the  neuron  of  NGF  and  that,  when  regener¬ 
ation  is  complete,  norma.’  .mounts  of  NGF  are  again 
supplied  from  the  target.  We  found  that  the  number 
of  cells  labeled  for  tachykinin  mRNA  or  peptide  were 
not  affected  by  section  of  the  dorsal  root  during 
the  first  two  post-operative  weeks.  Thus  tachykinin 
synthesis  does  not  depend  on  NGF  transported  from 
the  spinal  cord  even  though  the  surfaces  of  the  central 
processes  of  DRG  neurons  contain  NGF  receptors 
which  can  take  up  and  transport  NGF.” 

Transmitter  synthesis  is  likely  to  be  regulated  by 
additional  mechanisms  besides  the  supply  of  growth 
factors.  Changing  levels  of  activity,  for  example,  also 
modify  levels  of  synthesis  of  transmitters  and  modu¬ 
lators  (e.g.  treatment  with  antagonists  and  agonists  of 
neurotransmitter  receptors,’  denervation,”  depolariz¬ 
ation,”’®  peripheral  stimulation.”””  Furthermore, 
our  observation  that  peripheral  axotomy  affects 
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the  number  ot'ccltti  labeled  for  tachykinin  mRN A  and 
peptide  but  central  axotomy  docs  not  is  similar  to  the 
results  that  have  been  reported  for  some  mRNAs  and 
peptides  but  contrasts  with  others.  Peripheral  but  not 
central  axotomy  increases  synthesis  of  the  peptide  or 
the  mRNAs  for  some  forms  of  tubulin”*’*  and 
GAP-43.*  -*  '•'*  In  contrast  both  peripheral  and  central 
lesions  increase  actin  synthesis”  and  decrease  syn¬ 
thesis  of  the  ncurofilamcnl  proteins.”  The  stim¬ 
uli  that  affect  the  synthesis  of  each  of  the  individual 


components  of  the  regenerating  axon  are  unknown, 
but  the  elimination  of  growth  factors  is  unlikely  to 
account  for  the  changes  in  all  of  these  proteins. 
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ABSTRACT 

Newborn  animals  recover  from  neurological  injury  to  a  greater  extent 
than  adults  in  spite  of  the  greater  vulnerability  of  developing  neurons  to  retro¬ 
grade  or  transneuronal  degeneration  (Kennard,  ’42;  Goldman,  ’74;  Prender- 
gast  and  Stelzner,  ’76;  Bregman  and  Goldberger,  ’82,  ’83).  The  cellular  mecha¬ 
nisms  underlying  this  “infant  lesion  effect”  are  incompletely  understood 
(Bregman  and  Goldberger,  ’82).  The  dorsal  root  ganglion  (DR(j)  is  an  excel¬ 
lent  model  in  which  to  compare  the  developing  and  adult  nervous  system  with 
respect  to  the  effects  of  axotomy  on  cell  survival  and  cellular  function.  We 
studied  the  survival  of  L5  DRG  neurons  after  section-ligation  of  the  sciatic 
nerve  of  adult  and  neonatal  rats  and  used  qualitative  and  quantitative  immu- 
nocytochemical  methods  to  examine  changes  in  intraspinal  substance  P 
immunoreactivity  (SPIR).  Retrograde  transport  of  wheatgerm  agglutinin- 
horseradish  (WGA-HRP)  peroxidase  applied  to  the  sciatic  nerve  of  adult  or 
neonatal  rats  demonstrated  that  70%  of  the  neurons  in  the  normal  L5  DRG 
project  into  the  sciatic  nerve  at  the  site  of  transection.  In  adults  20%  of  all  Lo 
DRG  neurons  died  between  10  and  60  days  postoperative;  in  newborns  50%  of 
the  neurons  died  between  5  and  10  days.  These  results  indicate  that  ,30%  of 
axotomized  neurons  in  adults  and  75%  in  neonates  die  after  sciatic  nerve  sec¬ 
tion  and  that  neuron  loss  is  both  more  rapid  and  more  extensive  in  neonates. 
No  cell  death  was  observed  in  the  L5  DRG  of  neonates  after  dorsal  rhizotomy, 
thus  suggesting  that  at  this  stage  of  development  the  survival  of  DRG  neurons 
depends  on  the  peripheral  but  not  the  central  process. 

SPIR  in  laminae  I  and  II  of  both  adult  and  newborn  operates  lecreased 
and  then  recovered,  but  the  time  course  and  extent  of  the  recovery  differ.  In 
adults  SPIR  was  depleted  in  the  meoial  portion  of  the  L5  segment  ipsilateral 
to  surgery  by  10  days  postoperatn  ••  and  remained  depleted  for  at  least  2 
months.  By  I  year  partial  recovery  occurred,  but  remained  incomplete  even  at 
the  longest  survival  time  studied  (15  months).  SPIR,  which  is  present  in  the 
dorsal  horn  at  birth,  was  diminished  in  ipsilateral  laminae  I  and  II  by  4  days 
after  nerve  section  on  the  day  of  birth.  Between  30  days  and  60  days,  the  den¬ 
sity  of  SPIR  in  the  dorsal  horn  ipsilateral  to  surgery  became  virtually  indistin¬ 
guishable  from  that  on  the  contralateral,  intact  side,  suggesting  a  more  rapid 
and  complete  recovery  than  in  adults.  The  area  occupied  by  SPIR  staining 
remained  smaller  than  that  seen  on  the  unoperated  side,  thus  suggesting 
incomplete  or  abnormal  development  of  the  terminal  field  in  the  deafferented 
dorsal  horn. 

Recutting  the  sciatic  nerve  after  SPIR  recovery  depleted  the  recovered 
SPIR  in  both  adults  and  neonates,  indicating  that  in  both  groups  recovery  was 
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largely  due  to  DRG  neurons  that  had  survived  initial  transection  of  their 
axons.  The  results  indicate  that  in  developing  animals  25''<-  of  the  normal 
numbers  of  DRG  neurons  that  survive  sciatic  nerve  section  can  restore  the 
normal  pattern  and  density  of  the  substance  P  (SP)  projection  to  the  dorsal 
horn.  Immature  DRG  neurons,  therefore,  appear  to  be  more  likely  to  die  after 
axotomy,  yet  those  that  survive  are  capable  of  robust  anatomical  and  bio¬ 
chemical  reorganization  in  comparison  to  axotomized  mature  DRG  cells. 

Key  words:  axotomy,  substance  P,  recovery,  immunocytochemistry,  com¬ 
puter-assisted  image  analysis,  dorsal  horn 


Injury  of  the  neurons  of  young  or  newborn  animals  has 
been  shown  to  produce  greater  retrograde  cel!  death  than 
that  produced  by  comparable  injury  in  adults  (Aldskogius 
and  Risling,  '81;  Bregman  and  Goldberger,  '83;  Vip  et  ai., 
’84’,  Schmalbruch,  ’87).  In  spite  of  the  greater  vulnerability 
of  newborn  neurons,  however,  injury  of  the  immature  ner¬ 
vous  system  is  generally  followed  by  greater  anatomical 
reorganization  and  greater  recovery  of  function  than  is  seen 
in  the  adult  (Kennard,  '42;  Goldman,  *74;  Bregman  and 
Goldberger,  '83;  Leonard  and  Goldberger,  ’87a,b).  The  cellu¬ 
lar  and  molecular  mechanisms  that  account  for  this  "infant 
lesion  effect’’  (Bregman  and  Goldberger,  ’82)  remain  incom¬ 
pletely  understood. 

The  dorsal  root  ganglion  (DRG)-spinal  cord  system  pro¬ 
vides  an  accessible  and  manipulable  model  for  studying  two 
distinct  events,  the  death  of  some  cells  and  anatomical  and 
biochemical  recovery  of  others.  The  extent  and  time  course 
of  these  two  processes  are  involved  in  the  outcome  of  ner¬ 
vous  system  injury  in  adult  and  newborn  animals.  There  is 
general  agreement  that  some  DRG  neurons  die  after  ax¬ 
otomy  of  their  peripheral  processes  (Ranson,  ’06,  ’09;  Hare 
and  Hinsey,  ’40;  Arvidsson  et  al.,  ’86;  however,  see  Devor 
and  Wall,  ’78,  ’81;  Sugimoto  and  Gobel,  ’82).  The  extent  of 
neuron  death  after  nerve  section  in  newborns  appears  to 
exceed  that  found  after  nerve  section  in  adults  (Aldskogius 
and  Risling,  ’81;  Yipetal.,  ’84).  DRG  neurons  also  alter  their 
pattern  of  protein  synthesis  after  axotomy  (Bisby,  ’78; 
Theiler  and  McClure,  ’78;  Devor  and  Claman,  ’80;  Perry  and 
Wilson.  ’81;  Tenser,  ’85;  Heumann  etal.,  ’87).  This  results  in 
a  decrease  in  their  content  of  most  transmitter- related  sub¬ 
stances  such  as  substance  P  (SP)  (Jessell  et  al.,  ’79;  Tessler 
et  al.,  '85;  Bisby  and  Keen,  ’86;  Jones  and  La  Velle,  ’86).  SP 
in  the  dorsal  horn  of  the  spinal  cord  is  derived  principally 
from  a  subset  of  small  DRG  neurons  (Takahashi  and 
Otsuka.  '75;  Hokfelt  et  al.,  ’76;  Harmar  et  al.,  ’80;  Dodd  et 
al..  ’83;  Price,  ’85;  Henken  et  al.,  ’87).  Some,  however,  origi¬ 
nate  in  interneurons  and  supraspinal  neurons  (Hokfelt  et 
al.,  '77;  Chan-Palay  et  al.,  '78;  Hokfelt  et  al.,  *78;  Ljungdahl 
et  al.,  ’78;  Seybold,  ’80;  Tessler  et  al.,  ’81).  Retrograde 
changes  in  injured  DRG  cells  are  demonstrable  in  regions  of 
the  dorsal  horn  to  which  these  axotomized  neurons  project, 
because  a  decrease  in  SP  immunoreactivity  (SPIR)  is  seen 
(.Jessell  et  al.,  ’79;  Barbut  et  al.,  '81;  Tessler  et  al.,  ’85).  If 
regeneration  is  successful,  concentrations  of  peptides  in 
DRG  and  dorsal  horn  return  to  normal  (Bisby  and  Keen. 
’86).  If  regeneration  is  unsuccessful  or  prevented,  then  con¬ 
centrations  of  intraspinal  peptides  will  be  determined  not 
only  by  the  metabolic  capacity  of  injured  DRG  ceils  but  also 


by  the  ability  of  those  injured  DRG  neurons  to  survive  ax¬ 
otomy.  Surviving  axotomized  cells  and  the  uninjured  cells 
may  display  compensatory  responses  that  contribute  to 
recovery  (Tessler  et  al.,  ’85).  Similar  variables  affect  the  out¬ 
come  in  other  areas  of  the  central  nervous  system  (CNS)  in 
which  injured  axons  are  unable  to  regenerate  (Aldskogius 
and  Arvidsson,  ’78;  McLoon  and  La  Velle,  ’81;  Bregman  and 
Goldberger,  ’83). 

The  consequences  of  peripheral  nerve  section  in  the  new- 
born  are  likely  to  differ  from  those  seen  in  the  adult  (Jones 
and  La  Velle,  ’86),  since  both  the  peripheral  and  central  con¬ 
nections  of  DRG  neurons  are  functionally  immature  at  birth 
(Fitzgerald  and  Swett,  ’83;  Fitzgerald  and  Gibson.  ’84:  Fitz¬ 
gerald,  ’85;  Fitzgerald  and  Vrbova,  ’85).  Not  only  is  sciatic 
nerve  section  in  newborns  likely  to  produce  greater  retro¬ 
grade  cell  death  of  DRG  neurons  than  sciatic  nerve  section 
in  adults,  but  it  is  also  likely  that  developing  ceils  will  dis¬ 
play  greater  anatomical  and  biochemical  plasticity  that  will 
contribute  to  age-related  differences  in  recovery  of  SPIR  in 
the  spinal  cord.  When  regeneration  is  impeded,  section  of 
the  sciatic  nerve  of  adult  rats  and  cats  produces  a  reduction 
of  SPIR  within  the  ipsilateral  dorsal  horn,  which  is  sus¬ 
tained  for  at  least  2  months  (Jessell  et  al.,  ’79;  Barbut  et  al., 
’80;  Tessler  et  al.,  ’85).  SPIR  in  the  cat  dorsal  horn  later 
recovers,  but  the  source  is  unknown  (Tessler  et  al.,  ’85).  In 
the  partially  denervated  cat  spinal  cord,  intact  dorsal  roots 
have  been  shown  to  be  capable  of  intraspinal  axonal  sprout¬ 
ing  (Goldberger  and  Murray,  ’82).  Recovery  in  rats  has  not 
been  studied,  but  it  might  be  expected  to  be  less  than  in  cats 
since  rat  DRG  neurons  have  been  reported  to  differ  from 
those  of  cats  by  being  incapable  of  sprouting  (Rodin  et  al., 
’83;  however,  see  Polistina  et  al.,  ’87;  Wang  et  al..  ’87).  The 
effects  of  neonatal  axotomy  might  be  paradoxical:  more  cell 
death  and  greater  plasticity  of  the  surviving  DRG  neurons. 

The  present  studies  were  undertaken  to  determine  the 
association  between  DRG  cell  death  and  intraspinal  levels 
of  SP  after  axotomy  in  newborn  and  adult  rats.  Since  it  is 
important  to  distinguish  whether  the  greater  cell  death  seen 
in  neonates  results  from  a  greater  vulnerability  to  axotomy 
generally  or  if  one  axonal  process  is  more  vital  for  DRG  neu¬ 
ron  survival,  we  sought  to  confirm  the  report  that  dorsal  rhi¬ 
zotomy  causes  the  death  of  newborn  DRG  neurons  (Yip  and 
Johnson,  ’84).  We  then  compared  the  amount  of  DRG  cell 
death  after  peripheral  nerve  section  in  adult  and  newborn 
rats.  In  addition,  we  used  qualitative  and  quantitative  im- 
munocytochemicai  methods  to  assay  levels  of  SPIR  in  the 
dorsal  horn  after  section  of  the  adult  and  newborn  sciatic 
nerve  not  only  to  determine  whether  .SPIR  recovers  in  the 
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dorsal  horn  and  the  sour  of  that  recovery,  but  also  to  com¬ 
pare  the  extent  and  time  ourse  of  the  recovery  after  injury 
to  the  adult  and  newborn  nerve. 

MATERIALS  AND  METHODS 
Surgical  procedures  and  tissue  preparation 

Sprague-Dawley  rats  (Zivic-Miiler  Laboratories,  Allison 
Park,  PA),  42  adult  '^nd  58  neonate,  were  used  in  these 
experiments.  Nine  aduits  (60  days-O  months  of  age;  200-400 
g)  and  6  newborns  (DOB,  PO)  of  either  sex  served  as  normal, 
unoperated  controls.  Animals  were  deeply  anesthetized  with 
either  chloral  hydrate  (aduits,  350  mg/kg  i.p.)  or  hypother¬ 
mia  (neonates)  and  had  the  right  sciatic  nerve  transected  in 
the  middle  one-third  of  the  thigh.  In  order  to  impede  regen¬ 
eration,  a  length  of  nerve  (1  cm  in  aduits  and  .1  mm  in  neo¬ 
nates)  was  resected  from  the  distal  stump,  and  the  proximal 
stump  was  ligated.  The  site  of  sciatic  nerve  transection  was 
approximately  5.5  cm  from  the  L5  DRG  in  aduits  and  1.0  cm 
in  neonates.  Rats  survived  for  intervals  of  1-450  days  after 
right  sciatic  nerve  section  or  underwent  a  second  procedure. 
(1)  in  order  to  observe  the  effects  of  an  acute  and  chronic 
lesion  in  the  same  animal,  4  adult  operates  had  the  left 
sciatic  nerve  transected  6-12  months  after  the  right  using 
the  same  technique.  (2)  To  determine  whether  axotomized 
DRG  neurons  could  contribute  to  recovery  of  SPIR  in  the 
L5  dorsal  horn,  4  neonatal  and  3  adult  operates  had  the  right 
sciatic  nerve  recut  proximal  to  the  initial  lesion  3-10  months 
later.  (3)  To  determine  whether  DRG  neurons  not  injured 
by  neonatal  axotomy  could  expand  their  terminal  field  into 
the  partially  denervated  L5  dorsal  horn,  4  neonatal  operates 
underwer’t  right  femoral  ;.t'rve  resection  6  months  after 
right  sc. !  tic  nerve  lesion.  The  right  femoral  nerve  was 
ligated  and  transected  at  its  emergence  from  the  iliacus  and 
psoas  major  muscle  and  a  5-mm  length  of  nerve  was  resected 
from  the  distal  stump.  Rats  subjected  to  a  second  procedure 
survived  for  an  additional  30  days. 

In  order  to  determine  the  degree  of  DRG  cell  death  fol¬ 
lowing  axotomy  of  their  central  processes,  6  neonatal  (PO) 
rats  underwent  unilateral  section  of  the  L5  dorsal  root  at  the 
L5  dorsal  root  entry  zone.  Care  was  taken  to  ensure  that  ail 
L5  dorsal  root  fibers  were  completely  cut.  Ventral  root 
fibers  were  not  transected  during  this  procedure.  Animals 
survived  for  either  6  (N  -  3)  or  30  days  (N  -  3). 

All  rats  were  sacrificed  under  deep  anesthesia  (Nembutal, 
50  mg/kg  i.p.)  by  intracardiac  perfusion  with  normal  saline 
followed  by  4%  paraformaldehyde  in  0.1  M  phosphate 
buffer  pH  7.4.  Animals  were  included  in  the  study  only  if  the 
sciatic  nerve  showed  no  evidence  of  regeneration.  At  au¬ 
topsy  the  site  of  nerve  section  was  examined  under  a  dissect¬ 
ing  microscope  to  confirm  that  the  ligature  was  still  in  place 
and  that  axons  did  not  leave  the  neuroma  to  reinnervate  the 
distal  hindlimb  or  bridge  the  gap  between  proximal  and  dis¬ 
tal  stumps.  In  uncertain  cases  the  proximal  stump  of  the 
nerve  and  neuroma  were  removed,  embedded  in  paraffin, 
sectioned,  and  stained  with  the  Bodian  method  (Bodian, 
’36)  to  detect  '  he  presence  of  axons  that  had  grown  past  the 
transection.  After  inspection,  spinal  segments  L1-L6  and  Si 
as  well  as  the  right  and  left  dorsal  root  ganglia  (DRG)  from 
L4-L6  were  removed  and  individually  embedded  in  paraf¬ 
fin.  Spinal  cord  sections  to  be  examined  for  SPIR  were 
prepared  according  to  the  unlabeled  antibody  method  of 
Sternberger  (’86)  for  examination  by  light  microscopy  with 


methods  that  have  been  described  previously  ‘Tessler  et  al.. 
‘80,  ’84).  All  sections  were  studied  for  the  presence  and  dis¬ 
tribution  of  SPIR,  and  representative  samples  were  photo¬ 
graphed. 

WGA-HRP  labeling  of  the  DRG 

In  order  to  determine  the  percentage  of  cells  in  the  L.') 
DRG  that  project  axons  into  the  sciatic  nerve  at  midlhigh. 
the  level  of  transection,  a  2''r  solution  of  wheatgerm  agglu¬ 
tinin-horseradish  peroxidase  (WGA-HRP)  was  applied  to 
sciatic  nerves  at  the  same  level  as  the  transection  and  used 
to  label  L5  DRG  cell  bodies  by  retrograde  lranspt>rt.  WfiA 
was  conjugated  to  HRP  by  using  the  procedure  described  by 
Mesulam  (’82).  The  right  and  left  .sciatic  nerves  of  one  adult 
rat  and  the  left  sciatic  nerve  of  another  were  studied.  The 
nerve  was  exposed  at  midthigh  level  and  crushed  with 
jeweler’s  forceps.  Just  distal  to  the  crush.  10  m1  a  2' .  solu¬ 
tion  of  WGA-HRP  was  rapidly  injected  through  a  Hamilton 
syringe  with  a  beveled  27-gauge  needle.  In  5  PO  neonates 
the  right  sciatic  nerve  was  exposed  at  the  midthigh  level  and 
crushed  with  jeweler’s  forceps.  Just  distal  to  the  crush.  1  ni 
of  2%  WGA-HRP  was  injected  through  a  beveled  glass 
pipet  with  an  outer  tip  diameter  of  0.1  mm.  The  injection 
site  was  closely  observed  through  a  dissecting  microscope  to 
ensure  that  the  WGA-HRP  solution  did  not  leak  from  the 
site.  The  nerve  was  ligated  and  cut  distal  to  the  injection 
immersed  in  petroleum  jelly,  and  the  muscle  and  skii 
sutured  in  layers.  After  an  appropriate  survival  period  (24 
hours  in  neonates,  48  hours  in  adults),  the  rats  were  deeply 
anesthetized  and  perfused  through  the  heart  with  an  initial 
flush  of  warm  saline  (40-43®C),  which  contained  4  ml  30''( 
HjOi/Iiter,  followed  by  3''o  paraformaldehyde  in  O.l  M 
phosphate  buffer  pH  7.4  (4°C).  After  successive  flushes  of 
10%,  2070,  and  30%  sucrose  in  0.1  M  phosphate  buffer.  pH 
7.4,  the  DRG  were  dissected  out,  serially  sectioned  on  a 
cryostat  at  10  atn,  and  mounted  on  slides.  The  WGA-HRP 
reaction  product  was  visualized  with  TMB  as  the  chro- 
magen  according  to  the  protocol  described  by  Mesulam 
(’82).  Every  tenth  section  was  photographed  under  dark- 
field  illumination,  and  the  photographs  were  printed  at  a 
final  magnification  of  220  x  in  order  to  obtain  a  montage  of 
that  section.  The  coverslips  were  then  removed  with  xylene, 
the  sections  rehydrated  in  graded  ethanol  solutions  and  re¬ 
stained  with  cresyl  violet  acetate  (Kodak).  This  procedure 
removed  the  TMB  reaction  product  from  the  DRG  neurons 
and  allowed  clear  visualization  of  the  nuclei  of  the  ganglion 
cells.  The  same  -sections  were  then  rephotographed  under 
brightfieid  ilium i.-iation,  and  photographs  were  printed 
again  at  a  final  magnification  of  220  x .  Photographs  of  each 
section  stained  for  WGA-HRP  reaction  product  and  with 
cresyl  violet  were  then  compared.  Cells  counted  as  VVGA- 
HRP  labeled  DRG  neurons  were  those  that  contained 
WGA-HRP  reaction  product  on  the  darkfieid  photograph 
and  a  nucleus  on  the  photograph  of  the  Nissl-stained  sec¬ 
tion.  A  ratio  was  then  calculated  comparing  the  number  of 
WGA-HRP  labeled  cells  to  the  total  number  of  cells 
counted. 

DRG  cell  counts  and  area 

Longitudinal  lO-^m  serial  sections  were  cut  through  pa¬ 
raffin-embedded  DRG,  mounted  on  slides,  and  stained  with 
cresyl  violet.  Neuronal  nuclei  were  counted  in  every  tenth 
section  with  the  aid  of  a  Leitz  Dialux  microscope  at  a  final 
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Fig.  I.  Cell  size  histograms  showing  the  distribution  of  L5  DRG  neurons.  («)  Histogram  comparing  the 
overall  cell  size  population  with  that  of  the  population  of  neurons  labeled  with  WGA-HRP.  (b-d)  Histo¬ 
grams  comparing  the  cell  size  distribution  in  the  left  and  right  L5  DRG:  (b)  6  normal  adults,  (c)  9  adult 
animals  that  had  right  sciatic  nerve  section  at  least  60  days  previously,  (d)  8  animals  that  had  right  sciatic 
nerve  section  on  the  day  of  birth  and  survived  at  least  60  days. 


magnification  of  510x  for  animals  PIO  or  older,  816x  for 
animals  younger  than  PIO.  Average  nuclear  diameters  were 
determined  with  planimetric  measurements  of  camera  lu- 
cida  drawings  of  nuclear  cross  sections  for  a  minimum  of  30 
nuclear  profiles  from  each  DRG.  These  data  were  then  pro¬ 
cessed  by  means  of  the  Hendry  (’76)  analysis  as  modified  by 
Smolen  et  al.  (’83)  to  obtain  a  factor  for  corrected  neuron 
counts.  Total  neuron  number  was  then  determined  with  this 
factor. 

A  cell  size  analysis  was  carried  out  for  each  ganglion  on 
the  basis  of  planimetric  measurements  of  camera  lucida 
drawings  of  about  200  perikarya  ith  a  nucleus  present  in 
the  .section  plane.  This  sample  w.,  generated  by  measuring 
random  cells  in  every  tenth  section  throughout  the  DRG. 
Size-frequency  histograms  were  generated  for  each  animal 
and  the  mean  cell  size  was  also  computed.  A  paired  compari¬ 


son  t-test  was  used  to  look  for  changes  in  mean  cell  size  fol¬ 
lowing  sciatic  nerve  section. 

Substance  P  immunocytochenustry 

Substance  P  antiserum  (Immunonuclear  Corporation. 
Stillwater,  MN)  was  used  at  a  final  dilution  of  1:5,000.  Sec¬ 
tions  of  spinal  cord  were  labeled  in  test  tubes  by  the  peroxi¬ 
dase-antiperoxidase  method  of  Sternberger  (’86).  The  label¬ 
ing  procedure  and  controls  for  nonspecific  staining  have 
been  described  in  detail  previously  (Tessler  et  al.,  '80,  ’84). 

Quantitation  of  SPIR  following  sciatic  nerve 
section 

.Measurements  to  quantitate  the  area  of,  and  relative 
amount  of  SPIR  in  the  dorsal  horn  gray  matter  were  carried 
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out  with  the  aid  of  the  Cambridge  Instruments  Quantimet 
920  image  analysis  system  with  its  detector  attached  to  a 
Leitz  Orthoplan  microscope.  Brightfield  illumination  was 
used  with  ail  specimens.  Measurements  were  made  at  a  final 
magnification  of  276x.  A  minimum  of  5  animals  was  mea¬ 
sured  at  each  survival  time  studied.  The  area  of  laminae  I 
and  II  was  outlined  in  both  the  right  and  left  dorsal  horn  of 
five  15-/im  sections  selected  randomly  from  the  L5  spinal 
cord  segment  of  each  animal.  The  system  was  then  used  to 
determine  for  laminae  I  and  II;  the  combined  area  of  lamina 

I  and  II,  mean  gray  level  (MGL)  of  the  combined  area  of 
lamina  I  and  II  as  an  indication  of  SPIR  intensity,  and  the 
area  of  laminae  that  contained  SPIR.  MGL  is  determined 
by  the  system  on  a  gray  level  scale  ranging  from  absolute 
black  (entire  sample  area  stained)  to  absolute  white  (no 
stain)  with  256  interval  units.  The  background  in  each  sec¬ 
tion  of  tissue  was  determined  by  having  the  system  make  a 
measurement  in  lamina  IX,  an  area  of  gray  matter  having 
little  SPIR.  This  value  was  then  subtracted  from  the  MGL 
measurement  for  the  combined  area  of  lamiiu  I  and  II  to 
yield  the  value  used  for  analysis.  The  area  of  laminae  I  and 

II  that  has  staining  is  that  area  within  the  outlined  laminae 
that  contains  SPIR  at  a  level  darker  than  the  background 
gray  level.  A  right-to-left  ratio  was  then  calculated  for  each 
of  these  three  measurements  for  each  section  and  the  ratio 
(R/L)  was  then  used  for  comparing  groups  of  animals  at  dif¬ 
ferent  survival  times.  This  eliminated  the  problem  of  inter¬ 
animal  variability  due  to:  (1)  size  differences  in  the  animals 
due  to  age  or  sex  and  (2)  immunocytochemical  staining  dif¬ 
ferences  associated  with  fixation  and  general  tissue  quality. 
The  mean  ratio  value  for  each  animal  and  ultimately  for 
each  survival  time  was  calculated  for  each  of  the  three  mea¬ 
surements.  A  statistical  analysis  was  prepared  for  both  the 
adult  and  neonatal  operates  for  each  of  the  three  measure¬ 
ments.  Overall  significance  was  determined  by  the  Kruskai- 
Wallis  one  way  ANOVA  (p  <  0.05).  If  significant  differences 
were  present,  individual  posthoc  comparisons  where  made 
with  the  Wilcoxon-Mann- Whitney  test  corrected  for  multi¬ 
ple  comparisons  (Kirk,  ’68).  The  statistical  analysis  was  per¬ 
formed  with  the  aid  of  the  Number  Cruncher  Statistical 
System  (Dr.  Jerry  L.  Hintze,  Kaysville  UT)  program  on  a 
Compaq  Deskpro  IBM  compatible  personal  computer. 


RESULTS 

WGA-HRP  cell  counts 

The  three  L5  DRG  counted  from  adults  contain  very  sim¬ 
ilar  numbers  of  labeled  cells  (Table  la).  Moreover,  the  mean 
cell  size  and  the  cell  size  histogram  of  WGA-HRP  labeled 
neurons  are  the  same  as  those  of  the  entire  population  of 
neurons  in  the  ganglia,  suggesting  that  retrograde  transport 
of  WGA-HRP  identifies  the  full  complement  of  DRG  neu¬ 
rons  that  project  into  the  sciatic  nerve  (Fig.  la,b).  These 
results  therefore  indicate  that  approximately  of  the  L5 
DRG  neurons  send  axons  into  the  sciatic  nerve  at  the  level 
at  which  we  placed  our  lesions  in  the  adult. 

The  five  L5  DRG  counted  from  PO  rats  show  more  inter¬ 
animal  variability  in  the  number  of  cells  labeled  (50-70%, 
Table  lb).  This  variability  is  probably  due  to  the  greater  dif¬ 
ficulty  in  labeling  the  sciatic  nerve  in  a  newborn  rather  than 
a  difference  in  the  number  of  newborn  and  adult  L5  DRG 
neurons  that  have  axons  in  the  sciatic  nerve  at  this  level. 
Mean  cell  size  measurements  and  a  cell  size  histogram  were 
not  attempted  for  neonatal  animals. 


table  I.  .Number  of  WGA.HRP  Uheled  Neurons 
_ _ in  L5  Dors^i  RiH>t  Ganitiia _ 


Ganglion 

WGA  HRP 
labeled 
neurons 

Totai 

neurons 

Ratio  labele<l/ 
toui 

A.  AduiU 

N42'rtKht 

4.108 

5.722 

072 

N42-iea 

3.847 

6.109 

0  6.1 

N46-iert 

4.419 

6.69H 

066 

B.  N«on«t«* 

3.5J6 

7.0K4 

0.50 

3.707 

8,084 

0  46 

4.059 

8.318 

0  49 

S.32.1 

8,329 

0  64 

4,342 

s.sra 

0  6H 
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Fig.  2.  Bar  graph  representations  of  mean  cell  numbers  of  the  L,5 
DRG  in  normal  and  in  operate  animats  following  right  sciatic  nerve  sec¬ 
tion  in  <a)  adults  and  (b)  neonates.  Asteriskis)  indicalcls)  a  significant 
right  to  left  difference  at  p  <  0.05  (•)  or  p  <  O.Ol  ('*)  using  a  paired 
comparison  t-test.  Actual  values  used  in  these  graphs  are  presented  in 
Tables  2  and  3. 
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TABLE  2.  Numhet  of  Neurons  in  L5  Dorsal  Root  I'isnulin  of  Adult  Operates  snd  Their  Me»n  Cell  Ares* 


Survival 
time  (daydt 

Left 

L5  ORn  cell  numbers 

Rixht 

Raiid 

R/L 

Mean  cell 
area  (urn’) 

Left 

Right 

A. 

control 

5,502 

5.267 

0.96 

412 

451 

control 

9.459 

8,817 

0.9.3 

758 

511 

conUrtl 

^xm 

8.818 

0.98 

.378 

573 

control 

6.792 

7,542 

1.11 

753 

975 

control 

7.697 

7.058 

0.92 

834 

669 

control 

8.898 

8.384 

0.94 

622 

am 

Mctn  (N  • 

•  SE.M. 

7.898  •  571 

7.648  t  508 

0.97 . 0.03 

626  -  72 

630  ♦  69 

B 

5 

7.585 

7.094 

0.94 

637 

.566 

5 

8.025 

8.060 

1.00 

468 

489 

5 

7,049 

6.954 

0.99 

979 

574 

h 

6.886 

7.073 

1.03 

639 

618 

Me«n  <  N  -•11  : 

:  S.E.M. 

7..186  r  225 

7.295  222 

0.99  «  0.02 

681  •  93 

.562  •  27 

C. 

10 

9.064 

7.697 

0.85 

66.S 

495 

10 

10.236 

8.796 

0.86 

846 

719 

10 

5.660 

5.043 

0.89 

699 

622 

10 

5,024 

4.743 

0.94 

671 

668 

Mean<N  -  4)  < 

.  S.E.M. 

7,496  *  1.102 

6.570  t  862* 

086  t  0.02 

720  •  .17 

626  •  42 

D. 


60 

6.210 

4.285 

0.69 

410 

448 

60 

8.299 

S.2II 

0.63 

757 

576 

60 

8.707 

7J99 

0.85 

800 

795 

60 

8.075 

0.86 

780 

798 

90 

8,931 

6,322 

0.71 

437 

338 

180 

8.627 

7.164 

0.83 

606 

635 

180 

7.333 

6.090 

0.83 

535 

541 

365 

4320 

3.957 

0.8 

873 

809 

365 

6,507 

4,523 

0.7 

868 

851 

Mctn  iN  -  91  s  S.E.M. 

7.512  *  431 

5,770  !  4f3** 

0.77  s  0,03 

683  •  60 

643  t  .57 

‘Right  differs  tigniAcsnUy  from  left  at  the  P  <  0.05  (*}  or  P 

D.Ol  (**)  level  using  a  paired  comparison  t-teat 

L5  DRG  cell  counts  following  sciatic  nerve 
section 

Adults  (Table  2,  Fig.  2a).  Control  animals  contain 
comparable  numbers  of  ganglion  cells  in  their  right  and  left 
L5  DRG  (Table  2a).  No  change  occurs  by  5  days  after  right 
sciatic  nerve  section-ligation  (Table  2b).  By  10  days  neuron 
numbers  on  the  operated  side  are  decreased  by  approxi¬ 
mately  10%  compared  to  the  contralateral,  intact  side  (Ta¬ 
ble  2c),  and  by  60  days  the  decrease  has  reached  20-25%  of 
total  DRG  cells  Table  2d).  No  further  change  is  observed  at 
survival  times  up  to  365  days  postoperative.  Since  approxi¬ 
mately  70%  of  the  L5  DRG  neurons  have  been  axotomized, 
these  results  indicate  that  section-ligation  of  the  sciatic 
nerve  in  adults  causes  the  death  of  30-35%  of  the  axotom¬ 
ized  neurons.  The  mean  ceil  size  of  neurons  on  the  operated 
side  is  not  statistically  different  from  neurons  on  the  contra¬ 
lateral.  intact  side  at  the  postoperative  times  studied.  This 
result  .ggests  that  no  subset  of  adult  L5  DRG  neurons  as 
deterii-ioed  by  size  is  particularly  likely  to  die  after  sciatic 
nerve  section  (Fig.  Ic). 

Neonates  (Table  3,  Fig.  2b).  Neonatal  control  rats 
contain  similar  numbers  of  cells  in  their  right  and  left  L5 
DRG  on  the  day  of  birth  (Table  3a)  and  neuron  numbers  are 
comparable  to  those  present  in  the  unoperated  L5  DRG  of 
adults  (Table  2a).  By  3  days  after  section-ligation  of  the 
right  sciatic  nerve  on  the  day  of  birth,  the  operated  side 
shows  a  decrease  in  cell  numbers  of  approximately  20-25% 
compared  to  the  unoperated,  control  side  (Table  3b),  and  by 
day  5  the  loss  is  .50%  (Table  3c).  No  additional  cell  loss  is 
observed  at  postoperative  survival  times  up  to  390  days  (Ta¬ 


ble  3d).  This  cell  loss  is  significantly  greater  than  that  seen 
after  sciatic  nerve  section  in  the  adult  (p  <  O.OOl,  one-tailed 
Wilcoxon-Mann-Whitney  test).  If,  as  seems  lixely,  similar 
numbers  of  L5  DRG  contribute  axons  to  the  sciatic  nerve  in 
newborns  and  adults  (app.  70"o),  then  these  results  suggest 
that  sciatic  nerve  section-ligation  on  the  day  of  birth  causes 
death  of  75%  of  the  axotomized  neurons.  The  mean  cell  size 
of  L5  DRG  neurons  at  survival  times  longer  than  30  days  is 
significantly  smaller  on  the  operated  side  (Fig.  Id).  This 
result  could  be  due  to  preferential  loss  of  large  cells  or  to 
failure  of  all  size  classes  of  neurons  to  develop  normally. 

Neonatal  L5  dorsal  root  section  (Table  4).  Section  of 
the  L5  dorsal  root  on  PO  causes  no  loss  of  DRG  neurons  at 
either  6  or  30  days  following  the  lesion.  This  is  true  regard¬ 
less  of  whether  the  nucleus  or  the  nucleolus  (unpublished 
observations)  is  counted.  This  result  demonstrates  that;  ( 1 ) 
axotomy  itself  is  not  responsible  for  the  death  of  DRG  neu¬ 
rons  after  sciatic  nerve  section  in  newborns,  and  (2)  the  sur¬ 
vival  of  DRG  neurons  postnatally  does  not  depend  on  their 
central  processes. 

Immunocytochemistry 

Sciatic  nerve  section  produces  a  sequence  of  changes  in 
SPIR  that  is  similar  in  the  segments  that  contribute  to  the 
nerve  (caudal  L4-S1).  The  most  consistent  changes  are 
observed  in  laminae  I  and  II  ipsilateral  to  surgery,  and  these 
changes  are  described  for  L5. 

Adults.  SPIR  is  present  throughout  the  entire  medio- 
lateral  extent  of  laminae  I  and  II  of  the  normal  L5  spinal 
segment.  Two  types  of  reaction  product  are  seen  in  laminae 
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TABLE  3.  Number  of  Neurons  in  L5  Doraai  Root  Ganglia  of  Neonaul  Operates  and  Their  Mean  CeJJ  Area* 


L5  pRG  ccH  numbers _ _  Mean  cell 


Survival 
time  (days) 

RaIio 

R/L 

arealwm’l 

Uft 

Right 

Left 

Right 

A. 

O(conirui) 

0.901 

6.983 

0.78 

lOQ 

110 

0 

6.0«7 

6,095 

1.00 

99 

122 

0 

6.459 

6.533 

1.01 

97 

1C6 

0 

6.131 

S,69( 

0.93 

121 

132 

0 

9.019 

10.234 

M3 

116 

115 

Mean  iN  -  S)  S-E.M. 

7,319  s  602 

7.107  1  725 

0.97  ;  0.05 

107  t  4 

117  •  4 

B. 

4 

S.531 

6.412 

0.75 

168 

139 

4 

10.332 

7.299 

0.71 

187 

184 

4 

6.766 

5.467 

0.81 

162 

202 

4 

6.933 

5.922 

0.66 

229 

164 

Mean  IN  -  41  •  S.E.M. 

6.646  r  632 

6,275  t  340* 

0-73  i  0.03 

187  =  13 

172  •-  12 

C. 

S 

5.872 

2.355 

0.4 

206 

199 

5 

13,174 

7.29.1 

0.55 

149 

155 

S 

10.955 

4.373 

0.4 

ISO 

123 

10 

7.284 

3.268 

0.45 

275 

275 

10 

6.259 

5.048 

0.61 

202 

151 

10 

6.455 

2,657 

0.31 

231 

200 

Mean  (N  -  61  s  S.E.M. 

9,000 . 983 

4,166  t  686** 

0.45  s  0.04 

236  t  36 

209  25 

D. 

30 

6.197 

3.888 

0.47 

461 

363 

30 

7.723 

2.485 

0.32 

549 

4a5 

30 

10.138 

4,897 

0.48 

421 

276 

30 

10.413 

4.189 

0.40 

671 

485 

60 

8,608 

4.458 

0.52 

668 

542 

60 

6.005 

2.636 

0.44 

501 

631 

60 

6.264 

3.035 

0.48 

611 

279 

90 

6.270 

1.182 

0.14 

617 

551 

120 

7.559 

1,907 

0.25 

459 

329 

310 

5.428 

3.096 

0.57 

885 

677 

365 

6,546 

2.786 

0.43 

600 

540 

390 

5,676 

4.206 

0.74 

585 

606 

Mean  IN  •  12)  t  S.E.M. 

1,569  s  4S7 

3,230  s  308*** 

0.44  t  0.04 

591  i  35 

474  t  39- 

‘Right  diffcn  fianificantty  from  left  at  the  P  <  0.01  (*),  P  <  000S(**|  or  P  <0.001  (***)  level  using  «  paired  comparuon  MetL 


I  and  II  normally:  coarse  globular  deposits  interspersed  with 
finer,  punctate  granules  (Fig.  3a).  Sciatic  nerve  section  pro¬ 
duces  a  reduction  in  SPIR  in  the  medial  one-third  to  one- 
half  of  laminae  I  and  11,  which  is  apparent  by  5  days  postop- 
eratively.  SPIR  in  this  region  of  lamina  I  and  11  is  maximally 
depleted  by  10  days  postoperative.  Coarse  globular  staining 
is  largely  eliminated  and  the  little  SPIR  remaining  is  mostly 
finely  granular.  No  further  changes  in  SPIR  are  seen  during 
the  first  60  days  of  survival  (Fig.  3b).  During  this  10-  to  60- 
day  survival  time,  the  amount  of  SPIR  in  medial  lamina  I 
and  II  is  similar  to  that  seen  10  days  following  unilateral 
lumbosacral  dorsal  rhizotomy  in  the  adult  rat  (Wang  et  al., 
’87). 

Survival  periods  longer  than  60  days  show  a  gradual 
return  of  SPIR.  At  6  months  postoperative,  SPIR  in  the 
medial  part  of  laminae  I  and  II  of  the  operated  side  con¬ 
tinues  to  be  reduced  in  comparison  with  the  contralateral 
intact  side.  However,  the  amount  of  punctate  reaction  prod¬ 
uct  is  increased  over  that  observed  on  the  operated  side  at 
10  to  60  days  postoperatively.  This  return  of  SPIR  continues 
until  the  longest  postoperative  survival  time  studied  (450 
days,  Fig.  3c),  but  even  at  this  time  the  amount  of  reaction 
product  remains  less  than  normal.  The  restoration  of  SPIR 
becomes  more  apparent  when  results  of  a  chronic  (365  days) 
sciatic  nerve  section  are  compared  to  an  acute  sciatic  nerve 
section  (30  days)  in  the  same  animal  (Fig.  3e,f).  In  this  prep¬ 
aration  the  amount  of  SPIR  present  in  the  medial  half  of  the 
chronically  lesioned  dorsal  horn  clearly  exceeds  that  seen  in 
the  contralateral  dorsal  horn  after  30  days. 


Table  S,  Number  of  Neurons  in  L5  DRG  After  Cutting  the  Right  LS 
_ Dorsal  Root  on  the  Day  of  Birth _ 


Survival 
time  (day*) 

L5  DRG  cell  numbers 

Ratio 

R/L 

Uft 

Right 

6 

7,528 

9,089 

1.21 

6 

6.288 

5,908 

0.9« 

6 

9,173 

8,863 

0.97 

30 

6.795 

9.293 

1.37 

30 

8,102 

7,183 

0.89 

30 

6.776 

6.520 

0.96 

In  order  to  determine  the  source  of  the  recovered  SP 
staining,  a  group  of  3  adult  rats  had  the  right  sciatic  nerve 
recut  £K)-300  days  after  the  initial  section-ligation,  and 
staming  was  examined  60  days  after  the  second  lesion.  SPIR 
in  medial  laminae  I  and  II  of  these  animals  is  comparable  to 
that  seen  after  a  single  sciatic  nerve  section  with  60-day  sur¬ 
vival  (compare  Fig.  3b  and  d).  These  results  suggest  that 
DRG  neurons  whose  axons  project  into  the  sciatic  nerve  and 
survive  axotomy  are  the  principal  source  for  the  recovery  of 
SPIR  in  the  dorsal  horn. 

In  summary,  section-ligation  of  the  sciatic  nerve  of  adult 
rats  depletes  SPIR  in  the  medial  portions  of  laminae  I  and 
II,  and  this  depletion  is  followed  by  a  protracted,  incomplete 
restoration  of  staining,  which  is  primarily  attributable  to 
the  DRG  neurons  with  axons  in  the  sciatic  nerve.  The 
restored  staining  is  mostly  finely  granular  in  nature,  but 
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Fig.  3.  Photomicrographs  showing  SPIR  in  adult  animals  following  right  sciatic  nerve  section,  (al  Nor¬ 
mal  right  L5  dorsal  horn,  (b)  Right  L5  dorsal  horn  60  days  postoperative,  (c)  Right  L5  dorsal  horn  15  montl>s 
postoperative,  (d)  Right  L5  dorsal  horn  of  a  chronic  ( I  year)  animal  that  then  had  its  right  sciatic  nerve  recut 
and  survived  an  additional  30  days.  (e,f)  Left  and  right  L5  dorsal  horn  of  the  same  animal  showing  SPIR 
after  acute  (30  days  (e))  and  chronic  (365  days  (0)  sciatic  nerve  section  in  adults.  Bar  in  all  figures  represents 
100  am. 


there  is  also  a  return  of  some  coarse  globular  reaction  prod- 
uct. 

Neonates.  The  normal  adult  distribution  of  SPIR  is 
present  in  the  L5  segment  on  the  day  of  birth  (PO).  Staining 
extends  over  the  entire  width  of  laminae  I  and  il  and  con¬ 
sists  of  finely  granular  reaction  product  and  is  less  than  in 
adult  spinal  cord  (Fig.  4a, b).  By  P13  (14  days  postopera¬ 
tive),  the  amounts  as  well  as  the  distribution  of  SPIR  in  lam¬ 
inae  I  and  II  are  similar  to  those  of  the  adult  (Fig.  4e).  A 
similar  time  course  of  development  has  been  reported  previ¬ 
ously  (Pickel  et  al.,  '82;  Senba  et  al.,  ’82).  Sciatic  nerve  sec¬ 
tion  on  the  day  of  birth  (PO)  causes  an  ipsilateral  reduction 
in  SPIR  by  P3  (4  days  postoperative)  in  the  medial  half  of 
laminae  I  and  II  (Fig.  4c,d).  By  P13  the  reduction  in  SP 
staining  is  less  apparent  than  at  P3  (Fig.  4e,f),  and  the  resto¬ 
ration  of  staining  continues  at  P30.  By  P60  both  the  amount 
and  distribution  of  SPIR  in  laminae  I  and  II  approximate 
that  of  the  contralateral,  intact  side,  and  a  relatively  normal 
pattern  of  staining  persists  unchanged  at  survival  times  up 
to  .'390  days,  the  longest  survival  time  studied  (Fig.  4g,h). 
Coarse  globular  and  finely  granular  reaction  product  are 
both  observed.  Neonatal  operates,  therefore,  show  a  much 


more  dense  recovery  of  SPIR  than  that  seen  in  adult  oper¬ 
ates. 

In  order  to  determine  the  source  of  the  recovered  SP 
staining,  two  groups  of  rats  underwent  right  sciatic  nerve 
section  on  the  day  of  birth  and  365  days  later  either  had  the 
right  femoral  nerve  cut  and  ligated  (N  =  4)  or  the  right 
sciatic  nerve  cut  again  (N  =•  4).  Thirty  days  after  femoral 
nerve  section,  SP  staining  in  lamina  I  and  II  of  the  L5  seg¬ 
ment  is  unaffected  and  resembles  that  seen  in  the  dorsal 
horn  of  long-term  survivors  of  neonatal  sciatic  nerve  section 
(Fig.  4i).  Thirty  days  after  the  second  section  of  the  sciatic 
nerve,  SPIR  is  largely  depleted  in  the  medial  half  of  lamina  I 
and  II  in  the  L5  segment,  and  staining  is  comparable  to  that 
seen  10  to  60  days  after  sciatic  nerve  section  in  the  adult 
(Fig.  4j).  These  results  indicate  that  DRG  neurons  that  con¬ 
tribute  to  the  sciatic  nerve  are  largely  responsible  for  the 
recovery  of  SPIR  observed  after  .sciatic  nerve  section  in  new¬ 
borns,  but  that  little  if  any  recovery  is  due  to  DR(j  neurons 
that  contribute  to  the  femoral  nerve. 

In  summary,  sciatic  nerve  section  on  the  day  of  birth 
reduces  SP  staining  in  the  ipsilateral  dorsal  horn  at  4  and  10 
days  postoperative,  and  this  reduction  is  followed  by  a  rapid 


Fig.  4.  <a.b)  Photornicrographa  showing  SPIR  in  the  left  and  right  L5  dorsal  horn  of  an  animal  on  the  day 

of  birth  (DO),  (c-h)  SPIR  in  the  left  and  right  1,5  dorsal  horns  of  animals  4  days  (c,d),  14  days  (e,f)  and  .190 
days  (g.h)  following  right  sciatic  nerve  lesion  on  DO.  (ij)  SPIR  in  the  right  L5  dorsal  horn  of  chronic  (365 
days)  neonatal  operates  30  days  following  either  section  of  the  li)  right  femoral  or  (j)  resection  of  the  right 
sciatic  nerve.  Bar  in  ail  figures  represents  100  nm. 
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major  source  of  the  recovery,  and  even  though  there  are 
fewer  so  H  neurons  in  the  neonatal  operate,  the  restoration 
of  SP1.>  ■>  the  dorsal  horn  appears  similar  to  that  seen  in  a 
normal  dorsal  horn. 

QUANTITATIVE  ANALYSIS 
Adults  (Table  5,  Fig.  5a) 

Area  of  laminae  I  and  II.  Sciatic  nerve  section-liga 
tion  in  adults  produces  no  detectable  shrinkage  of  laminae  I 
and  11  ai  my  of  the  survival  times  studied. 

Mean  gray  level.  At  10  days  postoperative,  tb^  •nten- 
sity  of  .SPIR  in  the  right  (operated)  laminae  I  and  11  is 
reduced  25 'V  compared  to  the  unoperated  left  lamina  I  and 
II  (Table  5.  group  2).  SPIR  remains  reduced  up  to  60  days 
postoperative  (Table  5,  group  ."I).  At  longer  .survival  times 
(longer  than  90  days),  there  is  a  significant  increase  in  the 
intensity  of  staining  in  the  right  laminae  I  and  II  compared 
to  that  seen  at  10  days,  but  this  intensity  remains  reduced 
by  12'.  compared  to  normal  (Table  5.  group  4). 

Area  of  staining.  In  the  1.5  lamina  I  and  'I  of  adult 
operates,  the  area  of  staii  ing  n  right  lamina  I  and  II  is 
reduced  (if)'.  10  days  post  iper.itive  when  compared  to  the 


left  lamina  I  and  II  and  remains  reduced  at  60  days  (Table  5, 
groups  2, ;)}.  In  the  chronic  survival  group,  the  area  of  stain 
ing  in  lamina  I  and  II  has  doubled  compared  to  that  seen  in 
lamina  I  and  II  at  10  days  (greater  than  90  days.  Table  ■), 
group  4).  However,  even  at  the  longest  survival  times  stud 
ied,  the  area  of  staining  remains  32 'i  smaller  than  in  lamina 
I  and  11  of  the  unoperated  side.  These  results  using  a  quants 
tative  method  confirm  that  section  of  the  sciatic  nerve  of 
adult  rats  causes  an  initial  decrease  in  staining  inten.sity  and 
area  of  staining  followed  by  recovery  that  is  incomplete  ( F  ig 
5a). 

Neonates  (Table  6,  Fig.  5b) 

Area  of  laminae  I  and  II.  Following  right  scia'ic 
nerve  section  on  the  day  of  birth,  lamina  I  and  II  of  the  ip.si 
lateral  dor.sal  horn  do  not  develop  normally.  Thi.s  is  nut 
apparent  in  the  first  week  following  the  lesion  but  30  (10 
days  following  neonatal  lesion  the  ratio  of  r  ;’hf  to  left  area 
of  lamina  I  and  II  is  reduced  hy  13'  .  (Table  ti.  group  4).  I  his 
ratio  does  not  change  in  more  chronic  preparations  (  Fable  6, 
group  5)  when  compared  to  (he  ratio  for  normal  animals 
This  result  suggest.^  that  1.5  lamina  1  and  II  o(  the  dorsal 
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TABLK6.  Quantitaiive  Analysis  ut  SBlH  in  (he  Lo  Sp?r  il  Curd 
After  Ngonaial  Sciatic  Nerve  Lesion 
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horn,  when  temporarily  deafferented  by  sciatic  nerve  sec¬ 
tion  on  the  day  of  birth,  remain  permanent!  itrophied  even 
though  there  is  subsequent  reinnervation. 

Mean  gray  level.  Ratios  obtained  fri;.;i  MGL  mea¬ 
surements  show  the  intensity  of  staining  to  be  decreased  by 
65'’,'  in  the  right  laminae  I  and  II  4-5  days  following  ipsi- 
lateral  sciatic  nerv  jction  on  the  day  of  birth  (Table  6, 
group  .3).  The  stair,  og  intensity  returns  toward  normal  at 
longer  survival  times,  and  after  .30  days  postoperative  the 
MGL  is  the  same  as  that  seen  in  normal  animals  (Table  6, 
groups  4,  5).  This  neonatal  recovery  differs  from  that  seen  in 
the  adult  in  both  its  rapidity  and  completeness. 

Area  of  staining.  The  area  of  staining  in  lamina  I  and 
II  of  the  operated  dorsal  horn  at  4  days  postoperative  is 
reduced  79'’. .  The  area  of  staining  rapidly  recovers  and  by 
.30-60  days  it  has  doubled  compared  to  that  present  at  4 
days  but  remains  reduced  by  .38%  compared  to  the  normal 
side.  Incomplete  recovery  of  staining  area  at  least  in  part 
reflects  the  fact  that  sciatic  nerve  section  in  neonates  results 
in  a  lamina  I  and  II  16%  smaller  than  normal,  which  limits 
the  area  available  for  staining. 


Taken  together,  these  quantitative  results  indicate  that 
the  recovery  of  SPIR  that  follows  sciatic  nerve  section  in 
adults  is  incomplete  both  in  intensity  and  area,  whereas 
SPIR  recovery  after  nerve  section  in  neonates  fills  lamina  I 
and  II  with  a  very  dense  reaction  product  more  like  that 
seen  in  the  normal  lamina  I  and  II.  However,  in  the  neonate 
the  area  covered  by  staining  is  the  same  as  that  following 
chronic  adult  sciatic  nerve  lesion. 


DISCUSSION 

The  results  of  the  present  study  show  that  sciatic  nerve 
section  produces  different  effects  on  mature  and  developing 
DRG  neurons.  Whereas  the  neonate  shows  a  much  greater 
loss  of  DRG  neurons  than  the  adult,  those  DRG  neurons 
that  survive  are  capable  of  mediating  a  more  rapid  and  more 
complete  replacement  of  SPIR  in  the  dorsal  horn.  The 
DRG -spinal  cord  system  therefore  exhibits  characteristics 
of  the  “infant  lesion  effect,’’  in  which  developing  neurons 
exhibit  both  greater  vulnerability  and  greater  capacity  for 
anatomical  and/or  biochemical  reorganization  than  mature 
neurons  injured  in  the  same  way  (Bregman  and  (joldberger. 
’82).  Because  of  the  ease  of  access  to  the  DRG  and  its  pro¬ 
cesses.  the  mechanisms  that  account  for  either  cell  death  or 
the  capacity  of  neurons  to  recover  after  axotomy  can  be 
approached  more  directly  than  is  possible  in  other  areas  of 
the  CNS  in  which  the  consequences  of  injury  in  adulthood 
and  infancy  have  been  compared. 

The  cell  counts  in  combination  with  the  results  of  the  ret¬ 
rograde  WGA-HRP  labeling  experiment  indicate  that  in  the 
adult  30-35 of  the  axotomized  L5  DRG  neurons  die  and 
that  the  period  of  cell  death  is  extended,  occurring  10  to  60 
days  following  injury.  These  results  are  consistent  with 
other  studies  that  have  used  similar  techniques  (Cavanaugh. 
’51;  Arvidsson  et  al.,  ’86).  In  addition  the  results  of  our  cell 
size  analysis  supports  the  suggestion  that  no  specific  size 
class  of  DRG  neuron  is  more  likely  to  die  after  peripheral 
nerve  lesion  in  adults  (Cavanaugh.  '51;  Risling  et  al.,  ’83). 

Why  some  DRG  neurons  live  and  others  die  after  ax¬ 
otomy  is  also  not  understood.  One  possibility  amenable  to 
experimental  testing  is  that  survival  depends  on  the  exis¬ 
tence  or  development  of  collateral  axons  in  the  peripheral 
nervous  system.  There  is  now  a  considerable  body  of  evi¬ 
dence  that  the  central  and  peripheral  processes  of  DRG  neu¬ 
rons  may  branch  (reviewed  by  Cog.eshall,  ’86),  so  that  an 
individual  DRG  neuron  may  have  \  axon  collateral  in  al 
least  two  different  peripheral  targets  (Bahr,  ’81:  Pierau,  '82. 
'84;  Taylor,  ’82),  although  the  number  of  normal  DRG  neu¬ 
rons  with  more  than  one  peripheral  branch  is  controver.sial 
(Devor  et  al.,  ’84).  DR(j  neurons  may  survive  axotomy 
because  they  can  be  maintained  by  a  peripheral  process  not 
affected  by  .sciatic  nerve  lesion  or  they  may  be  able  to  extend 
processes  into  an  abnormal  target  after  injury.  Trigeminal 
ganglion  neurons  whose  axons  were  transected  in  the 
infraorbital  nerve  on  the  day  of  birth  have  been  shown  to 
send  aberrant  processes  into  nerves  other  than  the  infraor¬ 
bital  (Rhoai..s  et  al.,  ’87).  These  additional  axons  may, 
therefore,  serve  as  sustaining  collaterals  that  provide  ade¬ 
quate  support  for  survival  after  axotomy.  Another  po.ssibil- 
ity  that  has  yet  to  be  examined  is  that  the  subclasses  of  DRG 
neurons  that  have  been  defined  on  the  basis  of  immunocyf  o- 
chemical,  morphological,  or  physiological  properties  differ 
in  their  capacity  to  survive  axotomy  tDodd  et  al..  ‘8,3;  Law- 
son  and  Harper,  ‘85;  Price,  ’85).  It  has  been  sugge.sted  that  a 
subpopulation  of  DRG  neurons  remain  in  an  immature  form 
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even  in  the  adult  and  that  this  state  <if  immaturity  gives 
these  neurons  an  advantage  when  reacting  to  axotomy  (Ful¬ 
ton.  '87;  Mendell  et  al.,  ’87).  These  two  possibilities  could  be 
related  if  subclasses  of  DRG  neurons,  based  on  their  relative 
maturity,  differ  in  the  number  of  their  collateral  axons  or 
their  ability  to  establish  collaterals  after  injury. 

Neuron  loss  is  greater  (7,5'  ,  of  the  axotomized  L5  DRG 
neurons)  and  more  rapid  (5  days  postoperatively)  when 
sciatic  nerve  section  is  performed  within  24  hours  of  birth. 
Losses  of  .similar  magnitude  have  been  reported  previously 
for  neonatal  rats  (Yip  et  al.,  '84;  Schmalbruch.  ’87)  and  neo¬ 
natal  I  Its  (,Aldskogius  and  Risling,  ’81).  This  difference  in 
the  magnitude  of  cell  death  is  related  to  the  age  and  devel¬ 
opmental  state  of  the  DRG  neurons  at  the  time  of  axotomy 
and  not  to  a  difference  in  the  number  of  DRG  neurons  ax¬ 
otomized,  since  the  results  of  our  WGA-HRP  labeling  of  the 
neonatal  sciatic  nerve  show  that  on  the  day  of  birth  approxi¬ 
mately  the  same  proportion  of  L,5  DRG  neurons  have  axons 
in  the  sciatic  nerve  as  is  found  in  adults.  Our  cell  size  analy¬ 
sis  indicates  that,  although  there  is  a  decrease  in  mean  cell 
size  for  the  population  of  L5  DRG  neurons  that  survive  ax¬ 
otomy  on  the  day  of  birth,  no  specific  segment  of  the  popula¬ 
tion  appears  particularly  likely  either  to  survive  or  to  die. 
Heath  et  al.  (’86)  observed  no  change  in  the  cell  size  distri¬ 
bution  after  forelimb  amputation  in  neonates,  whereas  oth¬ 
ers  have  observed  a  shift  in  the  size  spectrum  of  the  cell 
body  (reviewed  in  Aldskogius  et  al.,  ’85). 

We  have  also  shown  that  this  cell  death  is  related  to  .sec¬ 
tioning  the  peripheral  processes  of  DRG  neurons  rather 
than  to  a  nonspecific  effect  of  axotomy,  since  cutting  the  L5 
dorsal  root  on  the  day  of  birth  has  no  effect  on  DRG  neuron 
survival  (present  study;  Bregman,  '88,  personal  communica¬ 
tion  of  unpublished  results).  We  are  at  present  unable  to 
account  for  the  discrepancy  between  this  result  and  the 
results  of  previously  published  work  showing  that  ,50'’,)  of 
L5  DRG  neurons  die  as  a  result  of  neonatal  dorsal  root  sec¬ 
tion  (Yip  and  -Johnson,  ’84). 

It  is  possible  that  the  greater  vulnerability  of  immature 
neurons  reflects  greater  dependence  for  survival  on  sub¬ 
stances  produced  by  the  targets  of  these  neurons  together 
with  an  inability  of  Schwann  cells  or  other  supporting  cells 
along  the  course  of  the  nerve  to  replace  or  substitute  for  sub¬ 
stances  derived  from  the  targets.  Embryonic  DRG  neurons 
are  known  to  pass  through  stages  in  which  their  survival 
depends  on  nerve  growth  factor  (NGF)  (Kessler  and  Black, 
'80;  Otten  et  al.,  ’80)  and  brain-derived  neurotrophic  factor 
(BDNF)  (Lindsay  et  al.,  ’85;  Davies  et  al.,  ’86;  Kalchi  im  et 
al.,  ’87).  Experiments  using  NGF  antiserum  have  suggested 
that  approximately  20'’,  of  DRG  neurons  continue  to  de¬ 
pend  on  NGF  during  the  early  postnatal  period  (Yip  et  al.. 
’84).  Additional  target-derived  substances  may  be  required 
for  the  survival  of  newborn  DRG  neurons,  but  these  have 
not  yet  been  identified.  It  has  also  not  been  established  that 
trophic  factors  are  required  for  the  survival  of  mature  DRG 
neurons  (Lindsay,  ’88). 

Our  results  using  qualitative  and  quantitative  immunocy- 
tochemical  techniques  show  that  SPIR  returns  to  the  dorsal 
horn  following  sciatic  nerve  section  in  both  newborns  and 
adults,  hut  that  the  recovery  is  more  rapid  and  more  com¬ 
plete  when  the  sciatic  nerve  is  cut  in  newborns.  The  assump¬ 
tion  that  the  amount  of  DAB  reaction  product  deposited  in 
the  dorsal  horn  is  proportional  to  the  amount  of  SPIR  is 
supported  by  previous  results  (Tessler  et  al.,  '8,5;  Micevych 
et  al.,  ’86)  indicating  that  changes  in  ,SP1R  immunocyto- 
chemi.strv  reliably  correlate  with  those  determined  by  ra- 


dioimmunoas.say  The  recovery  after  both  adult  and 
newborn  injury  can  be  attributed  to  DRG  neurons  that  con¬ 
tribute  to  the  sciatic  nerve  and  survive  axotomy  since  rerut¬ 
ting  the  sciatic  nerve  again  depletes  .SPIR  in  the  L.7  <iors,ii 
horn.  It.  therefore,  appears  that  the  75'.  of  L,5  DRG  neu 
rons  that  survive  axotomy  of  the  adult  nerve  an<i  the 
remaining  25'V  of  the  L5  DRG  neurons  that  survived  ax 
otomy  m  newborns  are  able  ti)  mediate  recovery  ol  .SPIR  in 
the  L5  dorsal  horn.  Restoration  of  SPIR  in  the  trigeminal 
subnucleus  caudali.s  has  ,ilso  been  shown  to  be  due  to  sur\  iv 
ing  primary  afferents  iRhisides  et  al..  ’,88).  Flouride  resis 
tant  acid  phosphatase  (FR.APi,  which  is  derived  from  an 
almost  entirely  separate  population  of  DRG  neurons  than 
SP  (Nagy  and  Hunt.  '82;  Dalsgaard  et  al.  84).  also  recover^ 
after  adult  or  neonatal  sciatic  nerve  lesion  (Devor  and  t  la- 
man.  ’,80;  Fitzgerald  and  Vrbova.  ’85).  Recovery  of  FRAl’  in 
the  adult,  like  SP.  depends  on  DRG  neurons  that  contribute 
to  the  sciatic  nerve  (Devor  and  Claman.  ’,80).  However,  the 
source  of  recovered  SPIR  and  FR.AP  after  newborn  .sciatic 
nerve  lesion  may  dilfer  since,  in  the  neonate,  the  restored 
FRAP  staining  was  not  abolished  by  resectioning  the  sciatic 
nerve  and,  therefore,  was  attributed  to  axonal  sprouting  by 
the  intraspinal  terminals  of  adjacent  peripheral  nerves 
(Fitzgerald  and  Vrbova,  ’85). 

The  atrophy  of  the  dorsal  horn  that  we  observed  in  neo¬ 
natal  operates  and  sprouting  by  primary  afferent  or  intr.i- 
spinal  neurons  other  than  tho.se  that  contain  SP  could 
account  for  our  observation  that  the  area  of  laminae  1  and  1 1 
is  decreased  and.  therefore,  the  area  of  SPIR  could  not 
recover  completely.  Our  meihod.s  do  not  permit  us  to 
exclude  a  minor  contribution  from  additional  sources,  which 
could  include  not  only  the  expansion  of  terminal  fields  of 
adjacent  peripheral  nerves  but  also  sprouting  of  neurons 
intrinsic  to  the  spinal  cord  (Tessler  et  al..  ’81).  WGA-HRP 
labeling  has  suggested  that  saphenous  nerve  lermin-sis  un¬ 
dergo  central  sprouting  in  L2-L4  spinal  segments  following 
neonatal  and  adult  sciatic  nerve  .section,  but  the  long  dis¬ 
tance  sprouting  that  would  be  required  to  extend  into  the  L5 
segment  was  not  observed  in  our  experiments  or  those  of 
others  (Fitzgerald.  '85:  Kapadia  et  a!.,  ’87).  Therefore,  it 
seems  that  any  expansion  or  reorganization  of  terminal 
fields  following  peripheral  axotomy  is  limited  to  arca.s 
closely  adjoining  intact  terminal  fields  and  in  this  respect 
resembles  the  dorsal  root  sprouting  that  has  been  observed 
in  the  spinal  cord  of  adult  animals  after  dor.sal  rhizotomy 
(Liu  and  Chambers,  ’58;  Tessler  et  al.,  ’80;  Goldberger  and 
Murray,  ’82)  or  spinal  cord  hemisectinn  (Murr.3y  and  Gold 
berger,  ’74).  Long-distance  sprouting  after  peripheral  neive 
injuries  might  be  expected  to  produce  extensive  changes  in 
receptive  fields  of  neurons  within  the  CNS,  but  such 
changes  have  not  been  observed  in  the  adult  cat  spinal  cord 
after  sciatic  nerve  injury  (Devor  and  Wall.  ’81)  or  in  the  rat 
somatosensory  cortex  after  adult  or  neonatal  sciatic  nerve 
.section  (Kaas  et  al.,  ’83;  Wall  and  Cusick.  '84,  ’,86).  Wall  and 
Cusick  (’86)  showed  less  expansion  of  the  saphenous  nerve 
repre.sentation  in  the  rat  .somatosensory  cortex  after  neo¬ 
natal  sciatic  nerve  section  than  after  the  same  lesion  in 
adults.  The  atrophy  that  appears  in  the  dorstsl  horn  follow¬ 
ing  sciatic  nerve  section  is  also  present  in  somatosensory 
cortex,  thereby  limiting  changes  in  receptive  fields  (Wall 
and  Cusick,  ’86).  It,  therefore,  appears  that  during  the 
maturation  of  this  somatosensory  pathway,  a  sulficieni 
number  of  synaptic  contact.s  must  form  in  order  to  prevent 
atrophy  and  perhaps  ceil  death  of  neurons  not  directly 
injured  by  axotomy 


PLASTICITY  OF  NEURONS  THAT  SURVIVE  AXOTOMY 


227 


Several  mechanisms  could  account  for  the  capacity  of  the 
approximately  TO'  of  the  normal  complement  of  DRG  neu¬ 
rons  in  adult  operates  and  25'',.  of  the  normal  number  of 
DRG  neurons  in  neonates  to  mediate  SPIR  recovery.  1- 
DR(J  neurons  that  synthesize  SP  might  survive  peripheral 
axotomy  better  than  other  populations.  It  .seems  unlikely, 
however,  that  SPIR-containing  neurons  were  preferentially 
spared.  SPIR  has  been  found  in  20'’<.  of  the  neurons  in  the 
DRG  (Hokfelt  et  al.,  ’76;  Dalsgaard  et  al.,  '82;  Panula  et  al.. 
’85;  Henken  et  al..  ’88)  and  is  localized  in  neurons  of  the 
small  to  edium-si/e  classes  (Price,  ’85).  We  do  not  see  any 
specific  e  of  DRG  neurons  spared  following  either  adult 
or  neonaial  sciatic  nerve  section,  although  the  mean  cell  size 
in  the  L5  DRG  of  neonatally  lesioned  animals  is  signifi¬ 
cantly  reduced.  2,  Additional  DRG  neurons  that  can  synthe¬ 
size  SP  might  be  born  postnatally.  It  has  been  proposed  that 
neurogenesis  occurs  in  the  DRG  throughout  the  life  of  the 
animal  (Devor  and  Govrin-Lippmann,  ’85;  Devor  et  al.,  ’85) 
and  if  this  is  the  case  then  among  these  new  cells  might  be 
some  that  can  synthesize  SP.  Our  cell  count  data  does  not 
support  a  postnatal  increase  in  DRG  neurons.  A  linear 
regression  analysis  comparing  L5  DRG  cell  numbers  to  the 
age  of  the  animal  using  the  unoperated  left  L5  DRG  of  neo¬ 
natal  operates  (Table  3)  shows  the  regression  coefficient  to 
be  -0.3981.  This  result  demonstrates  that  there  is  no  post¬ 
natal  increase  and  may  in  fact  indicate  a  slight  decrease  in 
total  cell  number  postnatally.  Others  have  also  failed  to  find 
evidence  of  postnatal  neurogenesis  using  tritiated  thymi¬ 
dine  labeling  experiments  (Lawson  et  al.,  ’74).  3.  DRG  neu¬ 
rons  previously  incapable  of  synthesizing  SP  might  change 
their  phenotype  in  response  to  axotomy  and  produce  SP- 
Sciatic  nerve  section  in  adult  rats  has  been  shown  to 
increase  levels  of  vasoactive  intestinal  polypeptide  (VIP)  in 
DRG  neurons  that  survived  axotomy,  even  if  VIP  immuno- 
reactivity  was  undetectable  in  DRG  on  the  unoperated,  con¬ 
trol  side  (McGregor  et  al.,  ’84;  Shehab  and  Atkinson,  ’86; 
Shehah  et  al.,  ’86).  This  is  an  indication  that,  at  least  in  the 
adult  DRG,  neurons  can  increase  or  start  up  de  novo  synthe¬ 
sis  of  a  substance  not  normally  produced.  4.  Numbers  of  SP- 
containing  DRG  neurons  might  not  change,  but  local 
sprouting  of  surviving  axotomized  DRG  neurons  might  in¬ 
crease  their  number  of  intraspinal  SP-containing  terminals. 
Counts  of  dorsal  root  axons  have  provided  evidence  for 
sprouting  by  newborn  DRG  neurons  that  survive  forelimb 
amputation  (Heath  et  al.,  ’86).  This  process  of  reactive  rein¬ 
nervation  of  the  partially  deafferented  dorsal  horn  would 
have  to  favor  SP-containing  fibers  in  order  to  explain  the 
increased  SPIR  in  the  dorsal  horn  of  chronic  operates.  5. 
Axotomized  DRG  neuron.s  might  increase  their  SP  synthe¬ 
sis,  rate  of  axonal  transport,  and/or  the  turnover  rate  of  SP 
in  intraspinal  terminals  might  be  decrea.sed.  Mechanisms  3, 
4,  and  5  are  consistent  with  our  results  and  could  account  for 
the  restoration  of  SPIR  observed  in  both  adult  and  neonatal 
operates. 

Synthesis  of  SP  by  DRG  neurons  depends  on  the  avail¬ 
ability  of  NGF  throughout  the  life  of  the  neuron  (Goedert  et 
al.,  ’81).  The  administration  of  NGF  increa.ses  SP  concen¬ 
trations  in  newborn  (Often  et  al.,  ’80;  Ke.ssler  and  Black.  ’80; 
Goedert  et  al..  ’81;  Otten  and  Lorez.  ’83)  and  adult  (Goedert 
et  al.,  ’81)  DRG,  whereas  NGF  antiserum  decreases  SP  con¬ 
tent  at  both  stages  (Ross  et  al.,  ’81;  Schwartz  et  al.,  ’82).  In 
addition,  applying  NGF  locally  to  the  proximal  stump  of  the 
cut  sciatic  nerve  prevents  the  expected  decrease  in  SP  levels 
within  the  DRG  and  spinal  cord  (Fitzgerald  et  al.,  ’85),  In 
the  intact  peripheral  nerve,  most  NGF  synthesis  occurs  in 


the  target,  and  NGF  reaches  the  neuronal  cell  body  by  retro¬ 
grade  axonal  transport  (Korsching  and  Thoenen.  ’83b);  very 
little  is  synthesized  along  the  course  of  the  nerve  ( Korsching 
and  Thoenen,  ’83a;  Bandtiow  et  al..  ’87).  After  axotomy, 
NGF  synthesis  increases  in  the  neuroma  and  in  the  immedi¬ 
ately  proximal  stump  of  the  nerve  (Heumann  et  al..  ’87), 
where  the  increased  synthesis  of  NGF’  by  nonneuronal  cells 
is  thought  to  be  stimulated  by  interleukin- 1  released  by 
invading  macrophages  (Heumann.  ’87;  Lindholm  et  a!..  ’87). 
Our  observation  that  SPIR  recovers  in  neurons  that  are  pre¬ 
vented  from  regenerating  implies  that  this  locally  synthe¬ 
sized  NGF  is  capable  of  mediating  recovery  of  SP.  More 
robust  recovery  of  SPIR  in  the  spinal  cord  of  neonates  than 
in  adults  may  be  due  to  greater  sensitivity  to  or  higher  levels 
of  NGF  (Bandt)ow  et  al.,  ’87)  in  the  axotomized  newborn 
peripheral  nerve.  Amounts  of  NGF-mRNA  in  the  normal 
sciatic  nerve  of  newborns  have  been  reported  to  be  compara¬ 
ble  to  those  found  in  injured  adult  nerves  (Heumann.  ’87).  If 
still  higher  levels  of  NGF  synthesis  are  stimulated  by  ax¬ 
otomy  of  the  newborn  sciatic  nerve,  perhaps  more  .NGF  is 
available  per  DRG  neuron  since  fewer  survive.  These  ele¬ 
vated  levels  of  NGF-mRNA  present  after  injury  would 
cause  increased  synthesis  of  NGF.  which  would  .stimulate 
greater  production  of  SP  by  surviving  DRG  neurons.  This 
may  provide  the  molecular  basis  for  the  robust  recovery  of 
SP  that  we  have  observed. 
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this  nay  be  related  to  the  developnent  of  an  encapsulating 
glial  scar  at  the  graft-OG  junction  (Fig.  3a;  see  also, 
Heier,  1985  for  other  references). 
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